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Abstract

[bookmark: _Hlk167893305][bookmark: _Hlk167394790]Almost all advanced reactor designs, including SMRs, rely on passive cooling features in the decay heat removal process. However, the reliability of the passive cooling system must be carefully evaluated due to the limitation of experimental data. Advanced reactor designs, specifically non-water-cooled reactors, also face the challenge of the applicability of the existing safety design requirements. In this study, a qualitative reliability study of the TMSR500 passive cooling design has been performed. The applicability of the existing safety design requirements to the TMSR500 passive cooling design is also discussed. The reliability of the TMSR500 passive cooling system is studied qualitatively using fault tree analysis. The result of the study informs that the flow resistances in the system, especially those that disturb the access to the ultimate heat sink (atmosphere), become the key parameters in causing the failure of natural convection. The mechanical integrity of the system is also an important factor in maintaining the reliability of the passive cooling system. In general, the requirements in the IAEA Safety Standard No. SSR-2/1 (Rev. 1), concerned with the design of the passive cooling system, are applicable to the TMSR500 design. Several minor gaps have been identified, such as the interpretation of the integrity of the fuel, the reactor coolant pressure boundary, and the possible decay heat locations.
1. INTRODUCTION
Currently, advanced reactor designs are constantly being developed internationally. Many advanced reactor designs are small modular reactors (SMRs) and several SMR designs are non-water-cooled reactors. The majority of advanced reactors use passive cooling features for decay heat removal. The passive cooling features minimize the dependency on power supplies to operate active safety cooling systems, especially in accident conditions. The active cooling system failure can cause nuclear accidents, such as the Fukushima accident.    
	Although passive cooling features have a simple design and low cost, their reliability may has not been adequately investigated, especially for non-water-cooled reactor designs. The reliability of a passive cooling system must be carefully evaluated due to the limitation of experimental data. Therefore, reliability studies of passive cooling systems are needed, especially for new reactor designs. As the initial stage, the qualitative reliability study can be conducted to analyse the components which have high contributions to the system reliability. This study aims to conduct a qualitative reliability study, by using the failure modes approach, on the passive cooling system of ThorCon Molten Salt Reactor (TMSR)500 NPP design. The TMSR500 is a new non-water-cooledlight water- SMR design which is developed by PT. ThorCon Power Indonesia Ltd and producing 500 MWe of electric power. The reactor utilizes molten salt as the fuel and the primary coolant. The general layoutdesign of the TMSR500 power plant can be seen in Fig. 1. 	Comment by Irina Kuzmina: This seems to be a too general statement implying all existing designs possessing passive features that may not be true. It is seen more appropriate to provide a more specific reference to a design or designs where such a problem exist and/or provide relevant references confirming the claim.	Comment by diahhidayanti: I change the word “has” to be “may” and refer to non-water-cooled reactor designs	Comment by Irina Kuzmina: Please check – this is a fragment, not a sentence. 	Comment by diahhidayanti: I fix it	Comment by Irina Kuzmina: The abbreviation should be expanded. 	Comment by Irina Kuzmina: The picture shows a general layout, not design as such. If the intention is to discuss the design, the elements of the design should be marked by numbers in the picture and explained in the accompanying legend. 

It can be said ‘general layout’ instead of ‘design’.
From the regulatory body’s point of view, the applicability of standards and regulations to new reactor designs is very important. The rapid development of advanced reactor designs should be followed by the improvement of regulatory infrastructure, especially standards, regulations, and guidance. Therefore, this study also discusses the applicability of the existing safety design requirements to the TMSR500 passive cooling system.  
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FIG. 1. The design of 2 x 500 MWe TMSR500 NPP [1]
2. Passive Cooling Implementation in the TMSR500 Design
The TMSR500 design discussed in this paper refers to the reference [1]. As shown in Fig. 1, the 500 MWe plant consists of two power modules. Each power module produces 250 MWe. The module is divided into three sections (see Fig. 2), i.e., section 1 (the silo hall), section 2 (the secondary heat exchanger hall), and section 3 (the steam generating cell hall).
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FIG. 2. A power module of the TMSR500 [1]
	
	As shown in Fig. 3(a), the silo (blue colour) is a double concentric steel tank which forms an annulus which contains the basement water as the passive coolant. That is why the silo wall is also called the cold wall. In the silo hall, there are a steel can (red colour), a fuel drain tank (green colour), and the primary loop pump. The steel can contains a pot as the reactor core (yellow colour), a primary heat exchanger, and several tanks for fuel management (see Fig. 3(b)). Each power module has two cans, one can is in power operation and the other can is in cooldown mode. After 4 years, the cooled can is removed and replaced with a new one. 
	In operation condition, the core heat is removed by the active system using a primary loop pump as the conventional reactor design (see Fig. 3(c)). The cold fuel salt (560°C) flows down through the outer portion of the pot. Then, the hot fuel salt (704°C) flows up through the graphite moderator. The pot pressure is around 2-8 bar with no phase change.
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FIG. 3. The TMSR500 fission island design; (a) The silo; (b) The can; (c) The primary loop system [1]

All three sections in a power module (see Fig. 2) have basements which are flooded by water. The basement water plays an important role in the decay heat removal. It acts as the passive coolant which removes the decay heat by natural convection process. In shutdown and accident conditions, the decay heat is removed by a fully passive system. The passive cooling system also contributes to normal operation. 
	As depicted in Fig. 4, the passive cooling system operates in the silo hall and the forward (FWD) hall through two mechanisms. They are as follows:	Comment by Irina Kuzmina: Expansion should be provided	Comment by diahhidayanti: Done
1) Natural convection of water (in the silo hall) 
	After the reactor shutdown, the fuel salt drops from the pot to the fuel drain tank.  The decay heat is radiated from the fuel drain tank to the water in the cold wall. Fig. 4 shows that the cold wall water, the basement water and the spent fuel storage (vault tank) water are connected. The cold wall water naturally circulates up to the expansion tank and down to the radiators, then back down to the basement.
2) Natural convection of air (in the FWD hall)
	The FWD hall provides full passive air cooling utilizing dry radiators, two draft towers (chimneys) with an expansion tank in between, and two fans for each chimney. In the dry radiator, the decay heat is transferred from the cold wall water to the air which comes from the chimney inlet. Then, the hot air naturally circulates into the atmosphere through the chimney outlet. The fan assists in decreasing the air temperature. Passive air cooling is designed to prevent the basement water from boiling even at full decay heat with no fan operation [1]. 
There is no need for operator intervention in the passive cooling system operation until 3000 days. There are also no valves that must be realigned by either the system or the operator. [1]. 
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FIG. 4. The passive cooling system of the TMSR500 [1]
3. QUALITATIVE RELIABILITY ANALYSIS
The reliability of the TMSR500 passive cooling system is studied qualitatively using the failure modes approach. The purpose is to provide a preliminary appraisal of the system’s unavailability. The methodology used in this paper is the simplification of the APSRA methodology [2]. The method consists of four steps: 1) Identification of parameters affecting the operation; 2) Identification of key parameters which may cause the failure; 3) Root diagnosis to find the deviation of key parameters for causing system failure (using fault trees); and 4) Evaluation of system reliability. 	Comment by Irina Kuzmina: Is the analysis indeed a widely known Failure Mode & Effects Analysis (FMEA)?  If so, such a name can be used.	Comment by diahhidayanti: The metodology used here is more appropriate is a fault tree analysis	Comment by diahhidayanti: Because the quantitative values of failure rate are not available, I call it “qualitative analysis”

Step I
	In the TMSR500 passive cooling system, natural circulation heat transfer occurs in the cold wall (by water) and the dry radiator (by air). Several factors or parameters which may affect the natural circulation flow rate in one phase fluid are 1) cold wall inlet water temperature; 2) cold wall pressure; 3) presence of non-condensable gas; and 4) flow resistances in the system

Step II
Based on the result of step I, key parameters which may cause the failure of the passive cooling system can be identified. They are the cold wall inlet water temperature and the flow resistances in the system. The increase of annulus pressure does not degrade the natural convective heat transfer. The pressure increase caused by the increase of basement water pressure will support the buoyancy force in the cold wall. 
The probability of the presence of non-condensable gas outside the silo hall is small. The non-condensable gas released in the core, such as krypton and xenon, will bubble out in the header tank due to their low solubility. In the header tank, the gas is finally removed. 
The increase of basement water temperature which enters the cold wall affects the performance of natural convection in the annulus. It will decrease the heat radiated from the fuel drain tank which can be transferred to the water in the annulus through natural convection. The flow resistances in the system will also disturb the natural convection of water in the cold wall and air in the dry radiator. 

Step III
Investigation of factors or parameters which contribute to the increase of cold wall inlet water temperature and flow resistances in the system can be performed using fault tree analysis as shown in Fig. 5. The radiator outlet pipe is the pipe which connects the radiator outlet to the basement, the expansion tank outlet pipe is the pipe which connects the expansion tank to the radiator, and the expansion tank inlet pipe is the pipe which connects the expansion tank to the basement.  

[image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated]	Comment by Irina Kuzmina: This fault tree supposedly provides the logic structure where all elements are connected exclusively by OR-gates (the logic OR- operators); this leads to the result that the minimal cut sets of this fault tree will be all basic events shown at the lowest level, i.e. all minimal cut sets will be of the first order (just any single failure will lead to the undesirable event shown at the top level).

Because all single failures individually lead to the undesirable event, in order to make a conclusion what failures will be most risk-significant, a quantitative analysis is needed. Such an analysis can be done using any generic data available (i.e. IAEA-TECDOC-478) and/or expert judgment.

It may be appropriate to add some more detailed notes about how the results of the analysis will be further processed/used.

In two cases (on the left hand side), two boxes are connected vertically without a logic operator. This is not a standard way of presenting a fault tree. It is seen appropriate to adjust the fault tree or explain the meaning of such presentation.
FIG. 5. Fault tree analysis

Step IV
[bookmark: _Hlk175499046]In step IV, the result of step III can be evaluated qualitatively and quantitatively. The quantitative evaluation needs the values of the failure rate of components in all basic events. The reliability of the TMSR500 passive cooling system is determined by the probability of the increase of cold wall inlet water temperature which is calculated by summing all the probability of all basic events. Fig. 5 shows 14 basic events in the fault tree analysis. 
In this paper, evaluation of the reliability of the TMSR500 passive cooling system is performed qualitatively by identifying the root causes of an undesired event that mostly threatens the passive cooling system, i.e., the increase of cold wall inlet water temperature. Based on all basic events shown in Fig. 5,  shows that there are several two ffactors which become the root causes of thehave an important contribution in increaseing of the the temperature of cold wall inlet water temperature, i.e.,:	Comment by Irina Kuzmina: Such a conclusion can be confirmed after a quantitative analysis; at this stage it is not confirmed – it is rather an expectation - see also the previous comment. 

If there are some other arguments for making the conclusion, it is seen appropriate to provide them also; just from the presented fault tree it is not obvious.	Comment by diahhidayanti: I fix the fault tree and try to make clear the explanation of step IV. I apologize because I am new in the reliability study. That is why i just perform qualitative analysis. To do the quantitative calculation I need to find the failure rates of several components which may be not available in the literature (TECDOC-478, etc.). I will do it in the next paper. 
Thank you so much for your clear expalantion in your comments. It is very helpful.
· the flow resistances (blockage and fouling) in the system (in the chimney inlet, the radiator channels and tubes, the expansion tank inlet pipe, the expansion tank outlet pipe, and the radiator outlet pipe); and
· the system rupturemechanical integrity of the system (the basement structure, the expansion tank inlet pipe, the expansion tank outlet pipe, the radiator outlet pipe, and the radiator water tubes);. 
· the failure of fans; and 
· the increase of atmospheric air temperature.
· Other factors which also decrease the reliability of the passive cooling system are the failure of fans and the increase of atmospheric air temperature.
The mechanical structures, systems, and components (SSCs) (i.e., the basement, the expansion tank, the dry radiator, the chimney, and the system piping) shall be designed to withstand the loads caused by the external hazards in the site. Therefore, they shall be designed, manufactured and fabricated with suitable quality requirements. To monitor the mechanical system integrity and the flow resistances, additional features, such as leakness detector, flow rate meter, or basement water level indicator, should be available. The appropriate interconnections and isolation capabilities are also needed. 	Comment by Irina Kuzmina: Please check the meaning with the suggested correction.
To ensure that the TMSR500 passive cooling system can keep its function and maintain plant safety at all plant states, it shall be analysed at the conservative values of the parameters which contribute to the system reliability, such as the atmospheric air temperature, the channels or tubes fouling quantity, and the number of failed fans. In the quantitative reliability calculation, the redundancy in the number of chimneys and fans must be taken into account. One power module of the TMSR500 has two chimneys with two fans for each chimney.  
Applicability of Safety Design Requirements to the TMSR500 Passive Cooling Design
In the IAEA Safety Standard No. SSR-2/1 (Rev. 1) [3], the safety design requirements concerning the reactor coolant system are stated ion Requirements 47–53. The requirements concern to the passive cooling system work operation in the shutdown state, and accident condition are Requirements 51-53. The IAEA Safety Report Series No. 123 [4] has stated that Requirements 51-53 are generally applicable to evolutionary and innovative designs. In this paper, the applicability of Requirements 51-53 to the TMSR500 passive cooling design will be discussed. 

Requirement 51: Removal of residual heat from the reactor core
In the molten salt reactor, the fuel salt is drained to the fuel drain tank to reach the subcriticality and shutdown the reactor. Finally, the decay heat will be fully located in the fuel drain tank, not in the core. The reactor shall be designed so that there is no failure to drain the fuel salt from the core to the fuel drain tank. In conditions where the fuel salt fails to flow down to the fuel drain tank, the features to ensure the subcriticality of the fuel salt in the core should be available. However, the passive cooling features shall also be ensured to remove the decay heat from the core in the case where the fuel salt fails to drop. So, the TMSR500 passive cooling system shall be able to remove the decay heat at all possible locations. 
The TMSR500 NPP has provided a passive cooling system to remove the residual heat from the drain tank in the shutdown state and accident condition. Several means are provided for applying the passive cooling of decay heat, i.e.,:
the cold wall and dry radiators are the channels for natural circulation heat transfer;
the chimneys and fans allow the heat transfer from the plant to the atmosphere; 
the expansion tank is designed to accommodate non-condensable gas and expansion of the basement water when heated; and 
the basement is built to store the water as the passive coolant. 
Besides the fuel salt decay heat, the off-gas heat shall be also removed. In the TMSR500, the off-gas is stored in the HUP tanks (see Fig. 6) until the decay heat is tolerable for cold traps. However, the reference [1] does not further explain the cooling features in the off-gas system.
The passive cooling system shall ensure the decay heat removal in the shutdown state works well such that the design limit for fuel is not exceeded. The design limit for fuel salt is its boiling point (1430°C). So, there is a large margin between the operating temperature (± 700°C) and the boiling point of the fuel salt. The creation of bubbles in the salt increases the pressure in the fuel tank and jeopardizes the tank’s integrity. The bubbles may also induce positive void reactivity [5]. In the TMSR500, the term of reactor coolant pressure boundary is less relevant because the primary loop works at near-ambient pressure (about 2-8 bar). In the event of the rupture of a primary loop, there will be little pressure release. However, the integrity of the primary coolant boundaries, such as the pot, the fuel drain tank, and the primary heat exchanger, is needed to maintain. The design limit for the structures important to safety (e.g., the can and the silo hall), shall be ensured to be not exceeded.
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FIG. 6. The TMSR500 secondary heat exchanger hall [1]

Requirement 52: Emergency cooling of the reactor core
The TMSR500 passive cooling system works in the shutdown state and also in the accident condition. Accident analysis is needed to ensure that the passive cooling system can remove the decay heat for a sufficient time. The passive cooling system is expected to keep the integrity of the fuel under accident conditions. The integrity of fuel is interpreted as the integrity of the primary loop boundaries of the fuel, i.e., the pot, the primary pump, the primary heat exchanger, and the fuel drain tank. Even in the case of the primary loop boundaries integrity cannot be maintained, the passive cooling system shall be able to cool the fuel in the next physical barriers, i.e., the can and the silo hall. However, Requirement 52 does not account for the overcooling possibility of the fuel salt. The effects of fuel salt overcooling should be considered. For example, the effect of fuel salt freezing on the mechanical integrity of the tanks or pipes. The possible chemical reaction in the TMSR500 is the chemical reaction between fuel salt and the material of the fuel drain tank at high temperatures. Therefore, the integrity of the drain tank shall be ensured at the worst high temperature of the fuel salt. 
The passive cooling features shall be designed with adequate reliability for each postulated initiating event. Fig. 5 shows that the mechanical integrity of the system and the flow resistances in the system are important in ensuring the reliability of the TMSR500 passive cooling system. Therefore, additional design features such as a leak detection system, flow rate meter, basement water level indicator, and sufficient isolation should be provided to maintain the passive cooling system reliability. Suitable redundancy and diversity should be also provided to fulfil the expected system reliability. Two chimneys and two fans for each chimney in a power module is an example of redundancy in the TMSR500 emergency cooling system.   
	
Requirement 53: Heat transfer to an ultimate heat sink
In the TMSR500 design, the passive cooling system removes the decay heat to the atmosphere as the ultimate heat sink. The air enters the plant through the chimney inlet and leaves through the chimney outlet. With two chimneys for each power module, there are two accesses to the atmosphere. The fault tree analysis shows that the access to the ultimate heat sink (atmosphere), i.e., the chimney inlet and outlet, is significantly important to ensure the reliability of the passive cooling process. The chimney regions (inlet and outlet) shall be designed to protect against ice buildup and to prevent foreign objects or debris from entering the airflow path. The periodic visual verification should be performed to ensure that no obstruction to airflow. 
The integrity of the chimney region shall withstand external hazards more severe than those considered for design. The chimney’s position on top of the building may make the chimney vulnerable to external human-induced hazards, such as aircraft crash and sabotage. Therefore, the redundancy in the access to the ultimate heat sink is important.  
The fission island of the TMSR500 is covered by a 3 m wide double bottom, double roof, and double sides (see Fig. 7). The double sides and roof are filled with concrete. This strong structure cannot be penetrated by a Boeing 777 engine in a perpendicular impact at 400 knots [1]. However, the reference [1] does not inform about the mechanical integrity of the FWD hall where the passive air cooling transfers the decay heat from the plant to the ultimate heat sink.
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FIG. 7. The physical barriers of the fission island [1]

In general, requirements 51, 52, and 53 are applicable to the design of the TMSR500 passive cooling system. Several minor gaps are identified, such as:
the integrity of the fuel needs to be interpreted to the integrity of the primary loop;  
the reactor coolant pressure boundary needs to be interpreted to the reactor coolant boundary; and
in the shutdown state and accident condition, the decay heat is located in the fuel drain tank, not in the reactor core (pot).
CONCLUSION
A qualitative reliability study can be applied as the initial step to investigate contributing factors or parameters in maintaining the expected reliability level. The flow resistances in the system and the mechanical integrity of the system become key factors in ensuring the reliability of the TMSR500 passive cooling system. In general, the requirements of the IAEA Safety Standard No. SSR-2/1 (Rev. 1) are applicable, with several minor gaps, to the TMSR500 passive cooling design.
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Totally passive, totally unavoidable shutdown and cooling. ThorCon combines a strongly negative temperature coefficient with a massive margin between the operating

temperature of 700C and the fuelsalt’s boiling temperature (1430C). As the reactor temperature rises, ThorCon’s power output drops. This is an intrinsic, immutable property
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