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A limited scope Probabilistic Risk Assessment (PRA) of a vented nuclear fuel 

system for a Generation IV Gas-Cooled Fast Reactor Plant was performed. The goal 

of the study was to better understand the safety and licensing implications of vented 

fuel technology. A Level 1 PRA was performed to determine the possible and 

probable failure mechanisms of the vented fuel fission product collection and 

auxiliary systems. A Level 2 PRA was performed to determine the possible releases 

from the vented fuel collection system under normal and abnormal operating 

conditions. Finally, a Level 3 PRA was performed to understand the consequence of a 

release of fission products from the vented fuel collection system to the population 

and environment. 

This work has found that the most probable system damage states are a release 

from the vented fuel system within the containment building and within the auxiliary 

building. As a result of the reduced fission product boundaries present in the event of 

a release within the auxiliary building, consequences of these events prove to be more 

severe. Three source term groups were found to have exceedingly higher dose 

consequences with respect to their estimated frequencies. As a result, the present 

analysis indicates that additional design and analysis on the vented fuel system is 

required. It should be noted that the present work operates under several highly 

conservative assumptions. Consequently, the vented fuel system, as modeled, may be 



 

 

 

safely operated without design changes pending the refinement of the models used to 

determine source term estimates and atmospheric transport.  Specifically, the 

conservative modeling assumptions that have the potential to greatly reduce the 

estimated consequences, if refined, include the fraction of the activity within the 

adsorber beds that is released under accident conditions, the specific attenuation 

factors applied to the various fission product boundaries, and the atmospheric 

conditions selected for the atmospheric transport model. In addition, design changes 

such as an increase in the Exclusion Area Boundary (EAB) or placement of the entire 

vented fuel system within the containment building may further reduce the 

consequences of a release.  
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1 Introduction 

1.1 Motivation 
 

As the dependency on electric power increases, so too does the need for clean, 

reliable, and efficient energy sources. In recent years nuclear energy has gained 

popularity as a global solution to the increased energy demands of the future due to 

its energy-dense nature and strict regulation, all the while limiting greenhouse gas 

emissions. Several decades of safe and economically stable operating experience of 

light water reactors in the United States (U.S.) has proven that nuclear power holds a 

valuable position in any energy portfolio. As in any type of power plant, the 

economic instabilities and availabilities of fuel sources are of utmost concern when 

investing in long-term energy generation. One solution for inevitable reductions in the 

supply of natural uranium-235 is to exploit the ability of nuclear power to generate 

more fuel than it consumes. The capacity to breed fissile uranium and plutonium 

isotopes from fertile thorium and uranium isotopes through the use of breeder reactors 

is the foundational design criteria for several fourth generation, or Gen IV, reactor 

concepts. Fast breeder reactors extend their fuel cycles through creation of fissile 

isotopes thereby reducing the spent fuel inventories while offering long term 

sustainability, offering an economic benefit. 

With many fast reactor designs, the residence time of individual fuel rods is 

inherently longer due to the necessity to create fissile isotopes before they can be 

utilized. As fuel lifetime increases, the strain on the fuel cladding due to fission 

product gas accumulation quickly becomes the limiting factor, as opposed to 

neutronic limitations that frequently limit the fuel lifetime in thermal reactors. A 

higher internal pressure increases the risk for cladding failure, as well as increased 

creep that may result in undesirable fuel rod contact. Mechanical stress due to internal 

pressure increases resulting from fission product gas production increases the creep 

rate of the cladding; The creep rate is further enhanced by the high temperatures and 

radiation present in the nuclear core. The elevated temperatures and radiation fields 

present in a nuclear reactor are unavoidable consequences of the nature of power 
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production; however, the removal of fission product gases through venting can 

effectively reduce the mechanical stress of the fuel cladding due to pressure.  

Venting of gaseous fission products offers several other benefits in addition to 

the notable, and necessary, reduction of fuel cladding strain. First, the thermal 

conductivity of the gap between the fuel and cladding is reduced due to the presence 

of large quantities of fission product gases, thus reducing the heat transfer capability 

thereby leading to higher than desirable fuel temperatures. Since the thermal 

conductivity of He is higher than that for Kr and Xe, two prominent gaseous fission 

products, by a factor of 15 and 25, respectively
1
, venting of these gaseous fission 

product gases reduces the quantity of fission product gases residing in the gap and 

enhancing the ability to remove heat from the fuel rod. 

Furthermore, the reduction in cladding strain allows for a reduction in cladding 

thickness thereby improving the neutron economy of the system allowing for lower 

initial uranium enrichment of the fuel. Additionally, gas-cooled reactor vented fuel 

assemblies are maintained at lower pressures than the primary coolant system as a 

safety mechanism, ensuring that a breach in the cladding will result in leakage of the 

clean coolant into the fuel element rather than leakage of gaseous fission products 

into the coolant. This behavior can be used to detect the location and size of a leak in 

the cladding by in-line monitoring, warning operators that a breach has occurred. 

Finally, the ability to collect and dispose of volatile fission products, after a period of 

time, reduces the total available volatile gas source term on the reactor site, thereby 

potentially reducing the need for an extended emergency planning zone. By actively 

removing fission gases from the core using a vented fuel system the designer can 

potentially reduce the consequences in the event of an accident leading to core 

damage; the vent system removes and contains some of the most dangerous fission 

gases, thereby limiting the source term available in such an event. 

The approach for venting fission products varies between reactor type, 

nonetheless the objective of relieving fission gas pressure remains the same. One such 

Gen IV Gas-cooled Fast Reactor (GFR) design currently in development which 

utilizes vented fuel technology is the General Atomics (GA) Energy Multiplier 

Module (EM
2
). The EM

2
 is a compact helium-cooled silicon carbide (SiC) clad fast 
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reactor that utilizes Uranium Carbide (UC) fuel in the form of porous annular pellets. 

A direct cycle gas turbine-generator system offers a net efficiency of 53%. The EM
2
 

Reactor design is expected to achieve a 30 year core life without refueling, compared 

to a 2 - 6 year core life commonly seen in currently operating Boiling Water Reactor 

(BWR) and Pressurized Water Reactor (PWR) designs
2
. Without venting, the fuel in 

the EM
2
 would become over-pressurized in roughly 3 - 5 years, depending on the 

plenum height. Thus, to extend the fuel utilization to the highest extent possible, 

venting of the fission product gases is required.  Similarly, TerraPower is developing 

a 1200 MWt pool-type sodium-cooled fast reactor, the Traveling Wave Reactor 

(TWR)
 3

. The fuel is composed of uranium-zirconium metal alloy fuel slugs with a 

sodium thermal bond in martensitic stainless steel cladding. The TWR core is 

projected to operate for over 40 years without refueling, thus the extended fuel 

burnup requires a vented fuel system. The proposed solution is to vent fission product 

gases to the primary sodium coolant in a controlled manner. 

Sodium Fast Reactors (SFRs) commonly vent directly to the coolant whereas 

GFRs commonly vent to a purge stream. In both instances, the fission products are 

collected and retained by a collection system. In the case of GFRs, this collection 

system is referred to as the fission product vent system (FPVS). In several systems, 

the task of maintaining the coolant chemistry is shared with the FPVS. Systems which 

share the responsibilities of collecting fission products and purifying the helium 

coolant are often designated as the helium purification system (HPS). 

Venting of fission products is not traditional in the current nuclear industry, as 

the fuel cladding commonly serves as one of many layers of protection in place to 

retain fission products; At first glance, intentional release of fission products from the 

fuel via venting appears to be deleterious to the overall safety of the design. As 

discussed previously, the benefits of venting fuel are extensive, and essential for 

achieving the full economic potential of advanced Gen IV GFR designs. Furthermore, 

if designed and implemented properly, the use of vented fuel could potentially 

improve the safety of the design.  

Nevertheless, an assessment of the safety and licensing implications of utilizing 

a vented fuel system in an advanced Gen IV GFR concept is essential to characterize 
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the risk associated with utilizing a vented fuel system. To support this need, research 

conducted at Oregon State University (OSU) under funding by the U.S. Department 

of Energy’s Nuclear Energy University Program established a study of potential 

safety and feasibility issues associated with utilizing a vented fuel system with 

helium-cooled GFRs. A limited scope Probabilistic Risk Assessment (PRA) of the 

vented fuel system was performed in the present work in an effort to characterize the 

safety and feasibility implications of utilizing vented fuel in advanced helium-cooled 

GFRs. 

1.2 Research Objectives 

In an effort to properly guide the research, a set of objectives are defined in this 

section with the goal of providing concrete and reasonably attainable milestones. The 

goal of the present work is to increase the understanding of the possible and probable 

failure mechanisms and the resulting implications of utilizing a vented fuel system in 

a helium-cooled GFR which may arise during both normal and abnormal operating 

conditions. The following research objectives have been defined: 

1. Determine the possible and probable failure mechanisms of the vented 

fuel system during normal operation. 

2. Determine the possible and probable failure mechanisms of the vented 

fuel system during abnormal operation. 

3. Develop a model to characterize the frequency of vented fuel system 

failure. 

4. Develop a model to characterize the frequency and quantity of release 

from a failure of the vented fuel system. 

5. Develop a model to characterize the frequency and associated potential 

consequences to the environment and the public from a release from the 

failure of the vented fuel system. 

6. Using the developed models, determine the safety and licensing 

implications of vented fuel which require further investigation. 
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1.3 Content Organization 

An explanation of the content of the material contained in this thesis is provided 

in the following section. The first part of this thesis contains an extensive literature 

review of past applications of vented fuel designs, a description of fission product 

vent systems, a discussion of safety analysis and design considerations for reactor 

subsystems, a high-level overview of formal safety assessment in the commercial 

nuclear power industry, a brief introduction of PRA, a discussion of atmospheric 

transport modeling, and a summary of past and present relevant helium-cooled reactor 

PRAs. The majority of the information obtained in literature is presented in the 

Literature Review section; however, more specific references applicable to the vented 

fuel system PRA are presented in the Application to Vented Fuel System PRA and 

Materials and Methods sections. The Application to Vented Fuel System section 

includes a discussion of the vented fuel system design as analyzed, the primary 

modeling assumptions, and the various inputs to the PRA of the vented fuel system 

and how they differ from traditional application to a full scale plant PRA. These 

inputs include methods of determining the initiating event frequency, reliability data, 

and methodology for fault tree, event tree, source term, and consequence analysis 

specific to the vented fuel system. The methodology used to develop models using 

computer programs for Level 1 and 2 fault tree and event tree analysis, source term 

calculations, and atmospheric dispersion modeling for Level 3 are discussed in the 

Materials and Methods section. Output from the developed models and discussion of 

the various vulnerabilities of the system as found in the PRA are presented in the 

Results and Discussion section. Finally, the Conclusion section discusses the 

contribution of the present work toward the stated objectives as well as the 

recommended future work necessary to further understand the safety implications of 

the vented fuel system. 

  



6 

 

 

2 Literature Review 

2.1 Applications of Vented Fuel 

2.1.1 Peach Bottom Unit 1 

The only U.S. commercial gas reactor to have utilized vented fuel was the 

Peach Bottom Unit 1 Reactor
4
. The 40 MWe (115.3 MWt) gas reactor operated from 

June 1, 1967 to October 31, 1974 using helium as a coolant and a carbon-based fuel 

with graphite cladding. In response to the poor abilities of the graphite cladding to 

serve as a fission product barrier, the core contained a purge stream which removed 

fission products from the inner cladding walls and transported them to a HPS. The 

fuel elements, as indicated in Figure 1, featured pin-internal fission product traps 

composed of silver-impregnated activated charcoal. The purge stream leaving each 

fuel element flowed into a manifold at the bottom of the core and ultimately to an 

external HPS located outside the core pressure vessel and primary containment. The 

pressure of the purge stream was held to 6 psi below that of the primary coolant 

pressure with a flow rate through each element of 0.50 kg/hr (1.1 1b/hr). 

 

Figure 1: Peach Bottom Fuel Element
4
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2.1.2 Gas-Cooled Fast Reactor (GCFR) 

The Gas-Cooled Fast Reactor was an unconstructed 300 MWe (826 MWt) 

helium cooled fast reactor designed by General Atomics during the 1960’s and 70’s
5
. 

The fuel design consisted of stainless steel cladding and uranium oxide and plutonium 

oxide (UO2 and PuO2) pellets with a radial blanket region consisting of thorium oxide 

(ThO2) pellets. The GCFR design utilized vented fuel primarily as a means of 

relieving cladding pressure produced by both gaseous fission product buildup and the 

high pressure helium coolant; consequently, the GCFR vented fuel system is 

commonly referred to as the “Pressure Equalization System”. Helium entered the 

vented fuel pins via suction holes in the lower core region then flowed past the fuel 

pellets into a header at the top of the fuel element by means of a pressure differential. 

Helium then traveled from the header to the edge of the fuel element through an 

internal fission product trap, as shown in Figure 2. After exiting the core the helium 

was transferred to the HPS for further gaseous fission product removal. 

 

Figure 2: GCFR Fuel Element
6
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2.1.3 Gen IV Gas-Cooled Fast Reactor (Gen IV GFR) 

The Gen IV Gas-Cooled Fast Reactor was an unconstructed helium-cooled fast 

reactor design developed under the U.S. Department of Energy’s Generation IV 

reactor program
7
. The design consists of SiC cladding and UC fuel to better handle 

the higher coolant outlet temperature. Two unit sizes were proposed, 600 MWt and 

2400 MWt, based on the pin core design. A vented pin design using monolithic SiC 

or Hexoloy SiC cladding was also considered as a backup design given that studies 

had found that the fission product gas pressure might fail the SiC during a primary 

coolant depressurization scenario. The proposed design for the Gen IV GFR fuel pin 

was the traditional fission product plenum, however designers expressed concern over 

the inability for long lengths of SiC/SiC composite tubing to be produced in time. The 

vented fuel design for the Gen IV GFR was never sufficiently developed to allow for 

a subsequent fission product removal system to be studied.  

2.1.4 Energy Multiplier Module (EM
2
) 

The Energy Multiplier Module is a 500 MWt helium-cooled fast reactor design 

by General Atomics that is currently in development
8
. The EM

2
 design includes SiC 

clad and a UC fueled core with extended refueling intervals projected to be greater 

than thirty years. The higher burnup for the EM
2
 is its largest defining characteristic, 

reaching a projected fuel burnup of 145 GWd/t, compared to the 100 GWd/t achieved 

by a SFR and the 30 GWd/t achieved by a LWR
8,9

. Consequently, venting of fission 

product gases is necessary to relieve cladding internal pressure to utilize the full 

breeding potential of the fuel. The vented fuel system design for the EM
2
 differs from 

those discussed previously by placing the first fission product trap outside of the core. 

Additionally, the EM
2
 design separates the functions of maintaining the coolant 

chemistry and the removal of fission products from the coolant into two subsystems, 

the HPS and FPVS, respectively. Thus, in the EM
2
 the HPS operation is independent 

of the FPVS. 
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2.1.5 Other Gas-Cooled Reactors 

The Advanced Gas Reactor (AGR) is a British graphite moderated, CO2 cooled 

reactor developed from the Magnox reactor. Hartlepool, Dungeness B, Torness, 

Hinkley Point B, and Heysham AGR power stations are currently operating in the UK 

utilizing vented fuel
10

. Additionally, vented fuel has been considered for application 

to a Supercritical CO2-Direct Cycle GFR using a variant of MIT’s Tube-In-Duct 

(TID), or inverted fuel, design
11

. The TID design was driven by the need to reduce 

stress on the metal cladding and to employ a high volume fraction fuel to achieve a 

sustainable unity conversion ratio in a blanket-free core
12

. The TID design consists of 

an array of inverted unit cells with fuel outside of the coolant tubes. The design 

incorporates a long vent path from the small top plenum between coolant tubes, down 

the entire length of the assembly into a larger lower plenum/debris trap at the colder 

coolant inlet. Two venting options were considered, which include venting into the 

core grid plate to a collection/purification system (similar to the GA approach) or 

venting directly to the CO2 reactor coolant. The later was ultimately identified as the 

optimal approach and was implemented in the final design.  

2.1.6 Sodium Fast Reactors (SFR) 

A limited number of Sodium Fast Reactor designs have considered the use of 

vented fuel in addition to gas-cooled reactor designs. For SFR designs, the purpose of 

vented fuel is to extend the lifetime of the fuel in order to enable more economically 

favorable operation, similar to the EM
2
. General Electric (GE) was one of the first 

companies to discuss the use of vented fuel in SFRs in the 1960s
11

. GE studied and 

evaluated vented fuel for the Fast Ceramic Reactor (FCR) development program from 

both technical and economic perspectives
11

. Markedly, the innovative “diving-bell” 

venting concept was developed by GE, shown in Figure 3, which allows venting of 

gaseous fission products while preventing the sodium coolant from entering the 

cladding
14

.  
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Figure 3: “Diving-Bell” Vented Fuel Concept
14

 

Concurrently, Euratom pursued a design in which gases were vented through a 

sintered metal plug
15

. Unfortunately, preliminary testing found issues with in-leakage 

of sodium into the fuel pin. Subsequent safety analysis showed the largest benefit 

from using vented fuel was the prevention of sudden bursts of fission product gases, 

which is a common issue for SFRs due to their positive coolant void coefficient. 

Additionally, economic analysis showed a 2% cost savings by utilizing vented fuel. 

In the 1960’s Westinghouse performed economic and feasibility evaluations for 

vented fuel applied to their sodium-cooled reactor design. The economic analyses did 

not show any significant difference between vented and non-vented designs
16

. Studies 

suggested that with a vented fuel pin design the number of fuel element failures 

would decrease thereby reducing the potential amount of radioactivity released into 

the primary coolant
14

.  

More recently, the TerraPower TWR design, a pool-type, sodium-cooled fast 

reactor, requires a vented fuel system to accommodate the projected operations of 40 

years without refueling
3
. The proposed venting methodology is to vent fission product 

gases to the primary sodium coolant in a controlled manner. Although no detailed 

system design is openly available, it was stated that the noble gases are collected in 

shielded carbon beds and Cs-137 is removed from the primary coolant via reticulated 

carbon traps.  
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2.2 Fission Product Vent Systems 

The remainder of the present work will focus on gas-cooled vented fuel 

concepts, however it is important to note the economic principles driving the use of 

vented fuel are shared across liquid metal and gas cooled fast reactor designs. While 

the specific methods by which fission products are removed from the coolant in 

helium-cooled reactors varies, the methods of fission product removal from helium 

are essentially the same.  

2.2.1 Comparative HPS Designs 

The HPS systems of five power plants were compared in a Coolant Chemistry 

Study published by Idaho National Laboratories
17

. The systems of interest included 

Peach Bottom Unit 1, Fort St.Vrain (FSV), High Temperature Engineering Test 

Reactor (HTTR), High Temperature Reactor-10 (HTR-10), and Modular High 

Temperature Gas Reactor (MHTGR), of which the MHTGR was the only 

unconstructed concept. The study highlighted five components which together 

remove impurities in an HTGR environment. These include a filter/absorber, an 

oxidizer, a molecular sieve, a charcoal bed, and hydrogen getting material. The report 

provided an informative table describing each of the HPS systems in detail, 

reproduced in Table 1. 

Table 1: HPS Operating Parameters
17

 

Reactor 

Name 

Component or 

Subsystem 

Operation Performed Temperature 

of Operation 

% of 

Bypass 

Flow in 

HPS 

Location in the 

Plant 

HTTR 

Particle Filter Mechanically remove 

debris 

< 280°C 10% /h Primary Circuit 

Pre-charcoal Trap Gaseous fission 

products 

280°C 10% /h Primary Circuit 

Copper-Oxide 

Catalyst Beds 

H and CO are converted 

to H2O and CO2 

280°C 10% /h Primary Circuit 

Molecular Sieve Trap Captures H2O and CO2 < 280°C 10% /h Primary Circuit 

Cold Charcoal Trap Noble gases, methane, 

nitrogen, and hydrogen 

-195°C ~2.5% 

/h 

Primary Circuit 

Particle Filter Mechanically remove 

debris 

< 280°C - Secondary Circuit 

Copper-Oxide 

Catalyst Beds 

H and CO are converted 

to H2O and CO2 

- - Secondary Circuit 

Molecular Sieve Trap Captures H2O and CO2 < 280°C - Secondary Circuit 

Cold Charcoal Trap Noble gases, methane, 

nitrogen, and hydrogen 

-195°C - Secondary Circuit 

HTR-10 
Cartridge Filter Particle larger than 5 

microns 

250°C - - 
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Reactor 

Name 

Component or 

Subsystem 

Operation Performed Temperature 

of Operation 

% of 

Bypass 

Flow in 

HPS 

Location in the 

Plant 

Copper-Oxide 

Catalyst Beds 

H and CO are converted 

to H2O and CO2 

250°C 5% /h Primary Circuit 

Molecular Sieve 

Adsorber 

Captures H2O and CO2 ~ room 

temperature 

5% /h Primary Circuit 

Low-Temperature 

Adsorber 

Methane, oxygen, 

nitrogen, noble gases 

like krypton and xenon 

-160°C 5% /h Primary Circuit 

Peach 

Bottom 

Unit 1 

Water-Cooled Active 

Charcoal Traps 

(independent) 

Noble gases, methane, 

nitrogen, and hydrogen 

- 80% /h Primary Circuit- 

fission product 

trapping system 

taken from core 

Freon-Cooled delay 

beds 

Fission gases, 

hydrogen, nitrogen, 

carbon monoxide, 

methane 

-80°C 80% /h Primary Circuit- 

fission product 

trapping system 

taken from core 

Liquid-nitrogen-

cooled carbon bed 

Removes all gas 

impurities especially 

argon, nitrogen, 

methane, krypton-85, 

and doesn’t remove 

hydrogen and neon 

- 10.6% 

/h 

Primary Circuit- 

fission product 

trapping system 

taken from core 

Copper-oxide bed H and CO are converted 

to H2O and CO2 

- 20% /h Primary circuit, 

chemical 

purification 

system, taken from 

SG 

Molecular Sieve Trap Captures H2O and CO2 - 20% /h Primary circuit, 

chemical 

purification 

system, taken from 

SG 

Fort St. 

Vrain 

High-Temperature 

filter, potassium 

impregnated charcoal 

adsorber 

Fission products, noble 

gases 

400°C 12% /h Primary Circuit 

Cooler/Water 

Separator 

H2O 48°C 12% /h Primary Circuit 

Dryer/Molecular 

Sieve 

CO2 and H2O 48°C 12% /h Primary Circuit 

Cooled Nitrogen 

Trap 

Noble gases, carbon 

monoxide, nitrogen, 

methane, hydrogen 

 12% /h Primary Circuit 

Particle Filter Mechanically remove 

debris 

40°C 12% /h Primary Circuit 

Hydrogen Sponge - 315°C 12% /h Primary Circuit 

Filter Mechanically remove 

debris 

78°C 12% /h Primary Circuit 

MHTGR 

High-temperature 

adsorber 

Removes iodine, 

bromine, and other 

metallic fission 

products 

107°C ~0.07% 

/h 

Primary Circuit 

CuO, oxidizer H and CO are converted 

to H2O and CO2 

- ~0.07% 

/h 

Primary Circuit 

Water Cooler - 38°C ~0.07% 

/h 

Primary Circuit 

Low-temperature 

adsorber 

Removes noble gases 

and other products 

-196°C ~0.07% 

/h 

Primary Circuit 
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2.2.2 Peach Bottom Unit 1 

The HPS for Peach Bottom Unit 1 included two independent flow loops termed 

the Fission Product Trapping System (FPTS) and the Chemical Clean-up System 

(CCS). The FPTS consisted of a purge stream which flowed through a series of 

impurity trapping components. These components included an activated charcoal trap 

in the bottom of the fuel element, water-cooled charcoal beds, refrigerated delay beds, 

and a liquid-nitrogen-cooled trap. The traps were designed to be removed in the event 

a malfunction arose; however, they were expected to last the entire lifetime of the 

plant. If a malfunction did occur, the reactor would be shut down and the trap purged 

with clean helium and vented to a low pressure tank. A schematic of the Peach 

Bottom external fission product trapping system process flow is included in Figure 4. 

As indicated in the diagram, the purge steam flows through a condensibles trap, 

water-cooled delay beds, refrigerated delay beds, and a liquid nitrogen-cooled trap. 

 

 
Figure 4: Peach Bottom External Fission Product Removal System

18
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2.2.3 Gas-Cooled Fast Reactor (GCFR) 

The HPS design for the GCFR has a great resemblance to the Peach Bottom 

design. The most notable difference among the two designs is attributed to the 

addition of separate backup trains in the GCFR design, rather than just backup 

components. Two HPS trains, Unit 1 and Unit 2, worked to maintain control of the 

fission product release from the GCFR core, each of which had their own backup. 

Unit 1 functioned to process the helium from the reactor coolant stream and Unit 2 

worked to process helium from the pressure equalization system, as indicated in 

Figure 5. Unit 1 serves the purpose of chemical cleanup, which parallels the CCS in 

the Peach Bottom Design, whereas Unit 2 aligns more closely with the purpose of the 

FPTS in the Peach Bottom Design.   

 

Figure 5: GCFR Helium Purification System
19

 

 

2.2.4 Energy Multiplier Module (EM
2
) 

As the EM
2
 design is still in development, the purification and trapping system 

is continually undergoing revision; However the base design is well enough defined 

and understood and thus can be discussed here. The EM
2
 HPS base design is a 

relatively simple arrangement, in comparison to the Peach Bottom Unit 1 and GCFR 
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designs. Unlike the previously discussed designs, the EM
2 

HPS does not include in-

element fission product traps or noble gas delay beds prior to final adsorption in the 

low temperature adsorber. The EM
2 

 HPS base design is derived from the MHTGR 

HPS design, likely attributing to the observed differences
20

.
 
  

 

Figure 6: EM
2
 Helium Purification System Base Design

10
 

As a result of the association of the EM
2
 design to the present work, the HPS as 

described previously has undergone a series of modifications and evolutions (More 

detail will be discussed in Chapter 3). Although the system continues to be revised 

and refined, the following description of the EM
2
 purification and trapping system 

reflects the most current state of the system that is analyzed in the present work. The 

current EM
2
 purification and trapping systems complement both the Peach Bottom 

and GCFR HPS designs in the sense that the process of maintaining coolant 

chemistry and the process of trapping fission products are separated. In fact, the EM
2 

design completely separates the two processes into two independent systems, the HPS 

and the FPVS.  

The HPS, as the title suggests, serves the primary function of controlling the 

coolant chemistry whereas the FPVS serves the function of venting and trapping 

fission products from the EM
2
. As the present work is focused on the venting of 

fission products, no further discussion of the EM
2
 HPS design is included. The FPVS 

is further subdivided into a fission product transport system (FPTS) and the fission 

product retention system (FPRS). The portion of the system which collects the fission 
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products from the fuel elements and transports the purge stream to the FPTS is 

generally referred to as the fuel system.  

The FPTS receives helium and volatile fission products from the fuel system 

and transfers the purge stream to the FPRS. Additionally, the FPTS provides pressure 

regulation to maintain the proper pressure differential between the fuel bundle and the 

primary system. There are three redundant 100% trains of the FPTS which lead out to 

the FPRS.  The FPRS serves to remove the fission products from the purge stream by 

means of filtration and adsorption at both high and low temperatures. The FPRS 

features three redundant 100% High Temperature Adsorber modules (HTAs), four 

redundant 50% Low Temperature Adsorber modules (LTAs), and two redundant 

compressor modules, as indicated in Figure 7.  

 

Figure 7: EM
2
 Fission Product Vent System

21
 

2.3 Safety Analysis and Design Conditions for Vented Fuel Subsystems 

2.3.1 Peach Bottom Unit 1 

Although fairly extensive safety analyses were performed for the Peach Bottom 

Unit 1 reactor, no modern probabilistic safety analyses were conducted, as the 

implementation of PRA in the nuclear industry was not yet established prior to the 

construction and operation of the reactor. Nonetheless, various safety analysis 
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considerations for the fission product trapping system of the Peach Bottom plant were 

taken into consideration in the Final Hazards Summary Report (FHSR) 
22

. The FHSR 

noted the rupture of the doubly contained fission product purge line as the most 

severe accident involving two independent failures in the reactor system. The 

potential doses from this accident during an inversion for the first two hours at the 

site boundary were calculated to be 0.003 rem for whole body gamma and 0.9 rem to 

the thyroid. Moreover, the most severe accident involving a single failure in the 

reactor system was determined to be a large break in the primary loop which causes 

backflow of the purge gas inside the fuel elements to the coolant loops and through 

the rupture into containment. The potential doses from this accident during an 

inversion for the first two hours at the site boundary were calculated to be 0.001 rem 

whole body gamma and 0.02 rem to the thyroid.  

The designed safety features for the external fission product trapping system 

included fuel backflow protection systems to prevent leakage of fission products 

during a large break and emergency cooling systems. The accidents considered in the 

FHSR were separated into three distinct categories: (1) loss of full cooling capability, 

(2) loss of fission product trapping system integrity, and (3) change in feed. The 

comprehensive list of accidents considered in the FHSR includes: 

1. Loss of Full Cooling Capability 

a. Loss of Purge Flow 

b. Loss of Purified Helium Compressors 

c. Primary System Depressurization 

d. Loss of Refrigeration (in FPTS) 

2. Loss of Fission Product Trapping System Integrity 

3. Change in Feed 

a. Increase in Fission Product Concentration 

b. Increase in H2O Concentration (in purge flow inlet) 

c. Increase in Chemical Impurity Concentration (in purge flow 

inlet) 

In order to bound all accidents involving the FPTS, irrespective of credibility, the 

calculations assumed a total release of the entire fission product inventory of the 
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trapping system into the secondary containment. The FHSR report indicated the 

resulting integrated doses for a person at the site boundary during the first two hours 

following the accident during an atmospheric inversion with a containment leakage of 

0.2% per day would be less than 25 rem to the thyroid and 0.1 rem whole-body 

gamma radiation. 

 Moreover, the Peach Bottom Preliminary Hazards Summary Report (PHSR) 

provides a detailed description of the FPTS, insight into the design considerations of 

the system, and expected radiation levels within each portion of the system
18

. The 

portions of the system with listed specific radioactivity values for I-131, Sr-90, and 

Kr + Xe are the fuel compacts, internal traps, condensable trap, water-cooled delay 

beds, refrigerated delay beds, liquid-nitrogen-cooled trap, and the primary coolant. In 

addition, the heat loads within the purification system and the fission product 

concentrations in the purge stream are given in table form. Furthermore, the PHSR 

contains a description of the expected gaseous effluents released from Peach Bottom 

Unit 1 reactor during normal operating conditions. The potential sources of gaseous 

effluents listed in the report are leakage from the primary coolant system to the 

containment stack, leakage from the helium purification system to the containment 

stack, neutron activation of the containment atmosphere, and the purging and flushing 

gases from maintenance and refueling operations. The estimated concentrations for 

gaseous effluents at the site boundary are listed in the report and were shown to be 

well below the maximum permissible concentration allowed by 10 CFR 20, the 

governing document for public dose limits. 

2.3.2 Other Gas-Cooled Reactors 

Minor safety analysis studies were performed on the GCFR helium purification 

system. Testing and analysis of the GCFR design showed that the occurrence of 

minor leaks present through suction holes, cracks in fuel pin cladding, and vent tube 

connection points would result in a minimal release of volatiles into the GCFR 

primary coolant system
19

. The MHTGR design did not include a vented fuel system; 

however a HPS is incorporated to necessarily purify the helium coolant. The safety 

considerations of the HPS discussed in the report are strictly related to the failure 
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mode of HPS pumpdown, used to depressurize the reactor in the event of a small 

primary coolant leak
23

. HPS pumpdown was automatically initiated when a leak was 

detected by a drop in primary coolant pressure and increased radiation levels in the 

reactor building. A fault tree with the top event failure of HPS pumpdown was 

included in the analysis, however the reliability and failure modes of components of 

relevance to the current work were not discussed in detail. Limited analysis has been 

completed on the EM
2
 vented fuel concept. Preliminary calculations on mass flow, 

fission product release and fission product diffusion, transport, and plate-out were 

completed
10, 21

.  

2.4 History of Safety Analysis in Commercial Nuclear Power 

Prior to the publication of WASH-1400
26 

in 1975, the nuclear safety regulations 

in the US were determined from conservative deterministic margins and models 

based on operating experience, expert judgment, and test results. WASH-740, issued 

by Brookhaven National Laboratory in 1957, was the first report addressing the risk 

associated with Nuclear Power Plants (NPPs) 
25

. The report estimates the maximum 

possible damage from a reactor core meltdown with no containment building at a 

large nuclear reactor. The results of the study yielded unacceptable, and unrealistic 

results. The report estimated 45,000 deaths, 100,000 injuries, and $17 billion in 

property damage, encouraging further investigation of a more detailed and realistic 

evaluation of NPP risk.  

2.4.1 WASH-1400  

The completion of WASH-1400 in 1975 marked a pivotal event in the 

evaluation of NPP risk, establishing the pattern for future nuclear power plant PRAs, 

introducing fault trees and event trees to a large audience. WASH-1400, or the 

Reactor Safety Study (RSS), provided comparison with other non-nuclear risks, 

identified transients (loss of flow, rod withdrawal, etc.) and small break loss of 

coolant accidents (SB LOCA) as major risk contributors
26

. Furthermore, it showed 

the impact of testing and maintenance, common mode interactions, and human error 

contributions. The RSS showed that radiological risks from NPPs were small when 

compared to other societal risks. Although the report was criticized, it was a good 
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first attempt at applying fault tree and event tree analysis to a nuclear reactor to 

determine the overall probability and consequence of an accident
27

. 

2.4.2 Post WASH-1400 

Following the publication of WASH-1400, the Energy Reorganization Act of 

1974 created the Nuclear Regulatory Commission (NRC) and the Department of 

Energy out of what was previously the Atomic Energy Commission (AEC). The NRC 

appointed the Risk Assessment Review Group to assess the quality of WASH-1400, 

whose findings are documented in the Lewis Committee Report published in 1977 
27

. 

The committee concluded that the Reactor Safety Study was performed with an 

inadequate data base, poor statistical treatment, an inconsistent propagation of 

uncertainties throughout the calculation. The committee did note, however, that the 

fault-tree/event-tree methodology is sound and both can and should be more widely 

used by the NRC. Furthermore, the committee stated the implementation of the 

methodology in WASH-1400 was a pioneering step. 

In response to the Three Mile Island (TMI) accident in 1979, the nuclear 

industry and regulators made several changes in regards to safety assessment of 

NPPs. Prior to the accident, only design basis accidents (DBAs) were considered in 

the licensing process. DBAs are postulated accidents that a facility is designed to 

withstand without exceeding the offsite exposure guidelines defined in 10CFR100.  

TMI prompted the industry to take a closer look at severe, or beyond design basis 

accidents, which usually involves multiple simultaneous failures; by definition, they 

include any unplanned accident resulting in significant core damage. Although the 

TMI release did not exceed the 10CFR100 limits, the outraged public prompted the 

NRC to determine “how safe is safe enough?” and published NUREG-880 

documenting suggested qualitative and quantitative nuclear reactor safety goals
28

. A 

formal statement was issued in 1986, Federal Register 51.162, defining two 

qualitative and two quantitative goals 
29

. 

2.4.3 NUREG-1150  

In 1988, the NRC requested that each plant expressly assess its severe accident 

vulnerabilities. The Individual Plant Examination (IPE) would ultimately supplement 
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the NRC’s own reassessment of severe accident risks. As an update to WASH-1400, 

NUREG-1150 was published, documenting the severe accident risks of five nuclear 

power plants: Surry Power Station, Peach Bottom Station, Zion Nuclear Power 

Station, Sequoyah Nuclear Generation Station, and Grand Gulf Nuclear Generating 

Station 
30

. The assessments included a variety of designs, including three- and four-

loop Westinghouse PWRs (PWR, W3 & W4) and four- and six-loop BERs (BWR – 4 

& 6). 

2.4.4 Post NUREG-1150 

NUREG-1150 was further built upon with the NRC publication of the State-of-

the-Art Reactor Consequence Analyses (SOARCA) report 
31

. The SOARCA report 

includes an analysis of two plants believed to be representative of the two basic types 

of U.S. commercial nuclear power plants. These include the Peach Bottom Atomic 

Power Station Unit 2 and the Surry Power Station, a BWR - 4 and PWR W3 

respectively, which were both analyzed in NUREG-1150. The goal of the SOARCA 

project is to develop updated and more realistic analyses of severe reactor accidents 

using computer modeling techniques to understand how a reactor might behave under 

severe accident conditions and furthermore how a release of radioactive material from 

the plant might impact the public. Specifically, MELCOR (an integral severe accident 

analysis code) is used to model accident scenarios within the plant and MACCS2 (a 

consequence assessment code) is used to model the offsite health consequences 

resulting from atmospheric releases of radioactive material. 

2.4.5 Risk-Informed Regulation 

Risk-informed regulation is an approach to regulation taken by the NRC, which 

incorporates an assessment of safety significance or relative risk. This approach 

ensures that the regulatory burden imposed by an individual regulation or process is 

appropriate to its importance in protecting the health and safety of the public and the 

environment. As stated in 10CFR52, all next generation (Gen III+ and beyond) 

reactors are required to include a PRA in the original license application. 

Interestingly, there are no PRA requirements for the current generation of LWRs. 

However, Regulatory Guide 1.174 requires the use of PRA for risk-informed 
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decisions regarding changes to the plant’s Licensing Basis (LB). By definition, LB 

changes are modifications to the plant’s design, operation, or other activities that 

require NRC approval. Arguably, one can safely assume all plants will have LB 

changes at some point throughout their lifetime, thereby requiring all current 

generation LWRs to possess an updated PRA. 

2.5 Probabilistic Risk Assessment 

PRA, synonymous with Probabilistic Safety Assessment (PSA), is a systematic 

methodology for investigating the strengths and weaknesses of the design and 

operation of complex systems, such as a nuclear power plant. PRA is used 

extensively in the nuclear industry to estimate risk by addressing three fundamental 

questions, commonly referred to as “the set of triplets”, which are: 

1. What can go wrong? 

2. How likely is it? 

3. What are the consequences? 

PRA is a method of identifying, characterizing, quantifying probabilistically, 

and evaluating hazards 
32

. It should be noted the most significant result of the PRA is 

not the bottom line value of the risk computed, but the determination of the system 

elements that substantially contribute to the risks of that system, the uncertainties 

associated with such estimates, and the effectiveness of various available risk 

reduction strategies 
34

. 

2.5.1 PRA Levels 1, 2, and 3 

PRA is subdivided into three levels of analysis which each estimate a different 

level of risk. A Level 1 PRA estimates the frequency of accidents that cause damage 

to the nuclear reactor core. This level of analysis begins with an initiating event (i.e. 

station black-out or loss of coolant accident) and continues until the reactor core 

reaches a damaged state, determined by the success criteria for assuring adequate core 

cooling. Through the use of event/fault trees, scenarios leading to core damage are 

defined resulting in an estimation of plant damage state frequencies. Thus, the output 

of a Level 1 PRA is an estimation of plant damage state frequencies, which combined 
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give an overall core damage frequency (CDF).  In comparison to the other levels of 

PRA, Level 1 is a relatively quick and inexpensive method of providing risk insight. 

Level 2 PRA expands on the Level 1 PRA results by beginning with core 

damage accidents and continues the analysis until containment is breached or 

bypassed. This level of analysis includes accident progression, containment loadings, 

and structural response analysis combined with radioactive materials transport 

analysis. Event/fault trees address phenomenological events which challenge the 

integrity of the containment under specific accident scenarios. Accidents are 

quantified by the severity of the release of radioactive material, and ultimately 

grouped into plant damage states with similar conditions. The progression of a given 

accident differs for a given plant damage state (PDS), requiring accident progression 

analysis to be performed for each PDS. Thus, a Level 2 PRA estimates the frequency 

of accidents that release radioactivity from the nuclear power plant and the resulting 

radioactivity release, or source term.  

Level 3 PRA expands on the Level 2 PRA results starting with a radioactive 

release outside of containment and continues the analysis to estimate the 

consequences of a given release by way of estimating the health effects from 

radiation doses to the surrounding population and land contamination from released 

radioactive material. The quantification of these effects is dependent on several 

factors. For example, the health effects from radiation dose are dependent on the 

population in the vicinity of the plant, evacuation conditions, and the path of the 

radioactive plume. Additionally, the plume is dependent on wind speed and direction 

and the presence of rain or snowfall. Likewise, land contamination is dependent on 

the characteristics of the release of radioactive material and how the land surrounding 

the plant is used. Thus, the Level 3 PRA estimates the final measure of risk 

combining consequence analysis with frequency estimations 
35

.  

2.5.2 Event/Fault Trees 

Fault trees are a deductive process by means of which an undesirable event, 

called a top event, is postulated and the possible ways for this event to occur are 

systematically deduced. The fault tree graphically represents the various 
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combinations of component failures that lead to the occurrence of the top event. Thus, 

a fault tree does not necessarily contain all possible failure modes of the system, 

merely those failure modes which contribute to the occurrence of the top event 
34

.  

For example, a simple pumping system, shown in Figure 8, can be analyzed 

using the fault tree methodology for the top event “no water delivered”. The system 

consists of five valves, two pumps, a water source, and a sensing and control system, 

which operate on AC power. There are two parallel trains in the system, meaning the 

failure of one train doesn’t dictate the failure of the entire system. However, failure of 

the water source (T-1), the shared isolation valve (V-1) to remain open, the sensing 

and control system, or the AC power would result in water delivery failure. 

 

Figure 8: Example Pumping System
34 

The fault tree is constructed by first identifying the top event, “no water 

delivered.” Next, the paths by which the top event may be achieved are determined 

and described by logical statements. For instance, there are four immediate paths to 

failure: either there is no water at V-1, the AC power fails, the sensors fail, or no 

water is delivered from the two pumping branches. This logic is depicted in the 

example fault tree shown in Figure 9, where basic events are represented as circles, 

intermediate events are represented by rectangles, undeveloped events are shows as 

diamonds, and logic gates are represented by their standard symbols (AND gates have 

a straight bottommost line whereas OR gates are concave). Since any of the four 

paths would lead to the top event, no water delivered, an OR gate is used to represent 

that condition.  
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Figure 9: Fault Tree for Top Event “No Water Delivered”
 34

 

There are underlying causes of failure of the AC power system and the sensing 

and control system, however in this analysis they are not considered, as indicated by 

the diamonds signifying an undeveloped event. In contrast, the methods by which no 

water is delivered to V-1 and the pumping branches fail is further analyzed, thus these 

two events are designated as intermediate events represented by a rectangle. There are 

only two paths that result in no water being delivered from V-1: either tank T-1 

ruptures or V-1 fails to close. As either of these would result in such an event, an OR 

gate is chosen to logically represent this occurrence. For the upper pumping branch to 

fail to deliver water, the pump P-1 would have to fail to function or the valves V-2 or 

V-4 would have to fail closed. Similarly, for the lower pumping branch to fail to 

deliver water, the pump P-2 or the valves V-3 or V-5 would have to fail. A fault tree 

such as this enables system designers to better understand the system’s strengths and 

weaknesses by detailing the possible ways by which an undesirable end state may be 

realized. Developing a simple fault tree requires only a minimum understanding of 

the overall system functionality; however developing a more compact version, 
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preferable for computational efficiency, requires a much better understanding of the 

overall system logic.  

The evaluation of fault trees involves two distinct aspects: logical or qualitative 

evaluation and probabilistic or quantitative evaluation. Qualitative evaluation 

involves the determination of the logic tree cut sets, which represent a single path that 

leads to an occurrence of the top event. A minimum cut set thus represents the 

minimum path that leads to an occurrence of the top event. Top event probability 

determination from cut sets involves the use of simple Boolean logic. An OR gate 

represents the union of the input events, denoted by the “ ” symbol and 

mathematically equivalent to the “+” symbol. An AND gate represents the 

intersection of the input events, denoted by the “ ” symbol and mathematically 

equivalent to the “ ” symbol. Determining the probability of the top event can be 

arduous, especially when the number of cut sets is large. Generally, there are 2
n-1

 such 

terms in cut sets, where n is the number of cut sets. For example, in the 13 cut sets 

generated for the pumping example in Figure 8 there are 8191 such terms
34

. For 

larger event trees, this can be a daunting task even for the most powerful computers, 

making software tools such as SAPHIRE
32

 invaluable for organizing data and 

quantifying top events. 

Event trees, similar to fault trees, are used to help deduce the logical 

chronological sequence of events leading to a failure. Event trees are horizontally 

built configurations that begin with an initiating event on the left side and proceeds 

chronologically to the right passing through various branch points, or points where 

systems succeed or fail, ultimately leading to a variety of end states. At each branch 

point, the upper branch represents success of the event heading, and the lower branch 

represents a failure. An example event tree is given in Figure 10. The qualitative 

evaluation of event trees is obtained through the use of Boolean algebra. The 

components are shown in failure mode while their compliments, represented with a 

bar (ex AC ), illustrate the probability of the system not failing.  
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Figure 10: Event Tree 
34

 

2.5.3 Accident Progression Event Trees (APET) 

The logical structure for modeling of the progression of an accident in the 

reactor system and in the containment can be provided by event trees. The Accident 

Progression Event Trees (APETs) used in NUREG-1150 were a major improvement 

over the Containment Event Tree (CET) approach used in WASH-1400. APETs are 

developed as a means of tracing the significant interdependent physical-chemical 

processes impacting accident progression and containment behavior. An APET 

identifies the ways by which containment failure or bypass may occur in addition to 

the various severe accident processes that affect the mode of failure, timing of failure, 

and magnitude of environmental radioactive material release 
36

. Unlike the WASH-

1400 event trees, where branch points are based on the failure or success of safety 

systems in demand, APETs address questions such as “Amount of hydrogen released 

in-vessel during core damage?” and “Type of vessel breach?” that represent various 

complicated processes occurring in the containment as the accident progresses. Each 

question in an APET analysis has two or more answers, creating two or more 

subsequent branches to follow after each branch point, or node, in the tree 
37

.  

To initiate an APET, prior analysis is necessary to provide information about 

the PDS. PDS information includes a detailed description of the status of the plant 

operation and safety systems, containment safety systems, and support systems 
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immediately before the core damage begins. This information is considered to be the 

initial condition of the plant for a given APET. 

Branching point probabilities are typically determined for APETs by comparing 

physical conditions obtained in the severe accident scenario with branching criteria. 

However, there is not a deterministic outcome of “failure” or “no failure” for a given 

scenario because of the uncertainties (epistemic and aleatory) in the analysis. 

Consequently, uncertainty analysis is necessary to determine failure probability by 

performing several accident progression calculations using different modeling or 

input assumptions. 

2.5.4 SAPHIRE 

SAPHIRE (Systems Analysis Programs for Hands-on Integrated Reliability 

Evaluations) is a PRA software tool designed for reliability assessment and 

risk/safety assessment
32

. SAPHIRE is used by the Nuclear Regulatory Commission 

(NRC), National Aeronautics and Space Administration (NASA), and the Department 

of Energy (DOE) for risk informed analyses. SAPHIRE can be used for Level 1 PRA 

analysis to model a plant’s response to initiating events, quantify resulting core 

damage frequencies, and identify important contributors to core damage. 

Additionally, SAPHIRE can be used for Level 2 PRA severe accident analyses 

starting with a core damage state and evaluating containment failure and/or release 

models. SAPHIRE’s capabilities include: 

 Graphical event/fault tree construction; 

 Rule-based fault tree linking; 

 Fast cut set generation; 

 Fault tree flag sets; 

 Failure data; 

 Uncertainty analysis; 

 Cut set editor, slice, display, and recovery analysis tools; 

 Cut set path tracing; 

 Cut set comparison; 

 Cut set and end-state partitioning; 
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 End-state analysis; and 

 User-defined analysis types. 

SAPHIRE is primarily used for generating minimal cut sets, the minimum 

combination of failures needed to result in the occurrence of the event of interest, for 

extremely large and complex event/fault tree logic models. Individual cut set 

probabilities are determined by adding the probabilities of the applicable basic events, 

as determined by equation (1) 

                                                                 1 2...i nC q q q                                                                     (1) 

where Ci is the probability of cut set i and qk is the probability of the k-th basic event 

in the i-th cut set. 

After determination of the dominant cut sets, they are used to quantify the 

overall probability of basic events. Cut sets may be generated in SAPHIRE in three 

ways. The first method is the rare event approximation in which cut set values are 

simply summed, as determined by equation (2),  

1

m

i

i

S C                                                                            (2) 

where S is the minimal cut set upper bound for the system unavailability, Ci is the 

probability of the i-th cut set, and m is the number of minimal cut sets in the fault 

tree. The rare event approximation is accurate when the cut set probabilities are small 

and the cut sets do not share many of the same basic events.  

The second method is the minimal cut set upper bound approximation, which 

is the default method in SAPHIRE. The minimal cut set upper bound approximation 

is an approximation of the probability of the union of the minimal cut sets, as 

determined by equation (3), 

1

1 1
m

i

i

S C                                                                 (3) 

where S is the minimal cut set upper bound for the system unavailability, Ci is the 

probability of the i-th cut set, and m is the number of minimal cut sets in the fault tree.  

The third method is the exact calculation method, entitled the inclusion 

approach, in cases where the rare event and minimal cut set upper bound 
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approximations provide too conservative a result. The exact calculation is the sum of 

the probability of the individual sets, minus the sum of the probability of all possible 

pairs, plus the sum of the probabilities of all possible combinations of three, minus 

the probabilities of all possible combinations of four, plus the probability of 

intersection of all five minimal cut sets, etc. After cut sets are generated, they may be 

used to obtain standard importance measures and to propagate the epistemic 

uncertainty. 

Uncertainty analysis in SAPHIRE provides information regarding the 

variability of a fault tree top event (or sequence) probability resulting from 

uncertainties in the basic event probabilities. Two sampling methods are provided: 

Monte Carlo or Latin Hypercube sampling. The Monte Carlo random number 

generator sampling technique was chosen for this analysis. In this methodology, 

repeated quantifications of the system cut sets are made using each random variable 

sampled from the basic event uncertainty distributions.  

Similarly, importance measures in SAPHIRE provide information regarding 

reliability worth about basic events appearing in the cut sets of a given fault tree. 

Components with high relative importance may merit close monitoring of component 

degradation over time or design changes to increase component reliability. There are 

essentially three types of importance measures: ratio, interval, and uncertainty. The 

ratio importance measures include Fussell-Vesely Importance (FV), Risk Reduction 

Ratio (RRR), and Risk Increase Ratio (RIR). The interval importance measures 

include Brinbaum Importance (B), Risk Reduction Interval (RRI), and Risk Increase 

Interval (RII). The uncertainty importance measures are expressed through the 

probability distribution as a standard deviation. FV is an indication of the fractional 

contribution of the basic event to the minimal cut set upper bound. Both the RRR and 

RRI indication how much the minimal cut set upper bound would decrease if the 

basic event probability were reduced to a probability of 0. (i.e. never failed). The RIR 

and RII indicate how much the minimal cut set upper bound would increase if the 

basic event probability were increase to a probability of 1. Finally, B indicates the 

sensitivity of the minimal cut set upper bound with respect to a change in the basic 

event probability. 
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2.6 Atmospheric Transport Modeling 

Modeling the release of radioactive material outside of a nuclear power plant is 

a complicated process, and is based on empirical models that account for the 

distribution and dilution in air, surface water, ground water, and terrestrial 

ecosystems. The goal of atmospheric transport modeling is to determine the quantity 

of radionuclides reaching the population or environment. This is calculated by 

estimating quantities such as external submersion dose from a contaminated cloud, 

external dose from contaminated soil deposition, internal inhalation dose from the 

cloud, and internal dose from ingestion of contaminated water and or foodstuff. 

Atmospheric releases of a pollutant are usually assumed to originate from a source 

that can reasonably be approximated as a point emitting material at a steady rate.  

2.6.1 Gaussian Puff/Plume Modeling 

The most commonly used diffusion model is the Gaussian Plume/Puff model 

(GPM). A plume is defined as a continuous release from a point source for an 

arbitrarily long amount of time. Gaussian-distributed plumes represent most releases 

from point sources because the free atmosphere is not confined
38

.  

 

Figure 11: Gaussian Plume Model 
38

 

The general equation for the concentration of the contaminant using the GPM 

model is  
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where  = concentration of the contaminant at coordinates where  = 

distance downwind  = horizontal distance from the plume centerline and  = height 

above ground,  = release rate of contaminants,  = mean wind speed,  = 

effective stack height described by equation (5),  = horizontal dispersion 

coefficient, and  = vertical dispersion coefficient. 

 For the case of ground contamination (z=0), the concentration is effectively 

doubled by combining the exponential terms inside the brackets. This can be thought 

of as accounting for the reflection of the plume from the ground, where the plume 

essentially folds over on itself to double the ground-level concentration 
38

. The 

effective stack height term, , accounts for the temperature differential of the gas, 

momentum effects due to the velocity of the discharged effluent, and the horizontal 

translation due to the wind field. The equation for the effective stack height is 

1.4

1s s a
eff

s

T T
H H d

Tu
                                        (5)                              

 

where  = actual stack height (m),   = inside diameter of the stack (m),  = exit 

velocity of the stack (m/s),  = mean wind speed at the top of the stack (m/s),   = 

temperature in the stack (K),   = temperature of the atmosphere (K). 

 A puff is defined as a single discrete point source release modeled with 

respect to time and position. The Gaussian Puff Model is commonly used for a single, 

instantaneous release.  

 

Figure 12: Gaussian Puff Model 
38 
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The general equation for the concentration of the contaminant using the puff model is 

22 2
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where  = concentration of the contaminant at a point and time ,  = total 

release of material,  = mean wind speed,  = effective stack height described by 

equation (5),  = horizontal dispersion coefficient,   = crosswind dispersion 

coefficient, and  = vertical dispersion coefficient. Note the dispersion coefficients 

are not the same as for the plume model.  

2.6.2 Atmospheric Stability Classes 

Various turbulence conditions affect the rise and dispersion of plumes. 

Classes of turbulence are classified in terms of the temperature profile with height 

and variations in wind speed and direction, each of which affects the turbulence field. 

The Stability Classes range from A-F, where A represents the least stable conditions 

and F represents the most stable conditions.  

 Class A: Extremely unstable conditions (bright sun, daytime) 

 Class B: Moderately unstable conditions (sunny, daytime) 

 Class C: Slightly unstable conditions (light cloudiness, daytime) 

 Class D: Neutral conditions (overcast sky, brisk wind, day or night) 

 Class E: Slightly stable conditions (early evening, light winds, 

relatively clear sky) 

 Class F: Moderately stable conditions (late night, light wind, clear sky) 

 Class G: Very stable conditions (predawn, very light wind, clear sky) 

These general conditions in terms of wind speed and the amount of sunshine or 

cloudiness are shown in Table 2. The representative stability class establishes the 

dispersion coefficients,  and , for the period under consideration, using curves of 

dispersion coefficient verses distance for stability classes A-F.  
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Table 2: Atmospheric Stability Classes  

Wind Speed Daytime Incoming Sunlight Nighttime Cloud Cover 

(m/s at 10m) Strong Moderate Slight >50% <50% 

<2 A A-B B E or F F or G 

2-3 A-B B C E F 

3-5 B B-C C D E 

5-6 C C-D D D D 

>6 C D D D D 

 

2.6.3 GENII 

GENII is a computer code developed for the Environmental Protection Agency 

(EPA) at Pacific Northwest National Laboratory (PNNL) which incorporates state-of-

the-art internal and external dosimetry models into updated versions of environmental 

pathway analysis models
41

. GENII is primarily used for calculating radiation doses 

for individuals and populations following chronic or acute releases. This is 

accomplished by modeling radionuclide transport via air, water, or biological activity. 

The air transport modeling options include puff and plume models, calculation of 

effective stack height, plume rise from buoyant or atmospheric releases, and building 

wake effects. GENII is run through a user interface using the Framework for Analysis 

in Multimedia Environmental Systems (FRAMES). 

2.7 Past PRAs of Gas-Cooled Reactors 

2.7.1 Modular High-Temperature Gas-Cooled Reactor (MHTGR) 

The DOE submitted a MHTGR PRA to the NRC as part of the pre-application 

review process in 1987. The MHTGR PRA documentation was submitted in two 

volumes; Volume 1 contains the majority of the overall discussion related to 

methodology, plant description, accident initiators, plant response, consequences, and 

results
 44

. Volume 2 contains the majority of the technical information pertinent to the 

PRA such as the data base, event tree construction and quantification, and release 

category description and dose quantification
 45

. The basis for the PRA assessment is 
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the standard MHTGR design as presented in the Preliminary Safety Information 

Document (PSID)
 46

. The MHTGR PRA includes: 

 MHTGR-specific initiating events, event sequences, and end states 

sufficient for integrated plant risk assessment;  

 event sequences involving release from single and multiple reactor 

modules; 

 fault tree models and data to estimate event sequence frequencies; 

 plant transient response analysis for each event sequence; 

 mechanistic source terms for each event sequence involving a release of 

radioactive material; 

 offsite dose consequences for each MHTGR-specific release category. 

The PRA utilized a combined event tree-fault tree approach to define risk-

related sequences and their frequencies. Initiating event groupings were established 

for primary coolant leaks, loss of heat transport system (HTS) cooling, earthquakes, 

loss of offsite power, transient, control rod withdrawal and steam generator leak. 

Event trees were developed describing sequences associated with the failure of 

functions provided to mitigate the effects of these initiators.  

Systems and functions included in the event trees defined which fault tree 

models were developed. The fault tree and event tree models addressed support 

system interactions on an assumed set of high-level functional intersystem 

dependencies, but did not utilize linked fault tree or support state methodologies in 

the process 
47

. Sequences were completely developed only in cases where the 

sequence frequency was greater than 1E-8 yr
-1

, for which release categories were 

defined and used to describe plant risk.  

2.7.2 Pebble Bed Modular Reactor (PBMR) 

Exelon submitted a proposed approach to the PBMR PRA to the NRC in 2002 

to support licensing decisions as part of the documentation of the proposed licensing 

approach for the PBMR in the US 
48

. Since there is no counterpart for the Light Water 

Reactor (LWR) core damage end-state, the splitting up of event sequences into Level 

1-2-3 does not apply to the PBMR. The NRC provided feedback supporting the 
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development of a full-scope, detailed PRA. It was acknowledged that while the 

PBMR PRA does not fit the mold of the Level 1-2-3 framework, equivalent 

information regarding radiological consequences can be provided.  

Furthermore, the NRC staff recognized a belief that further development of 

standards was necessary because current ASME standards focus on Large Early 

Release Frequency (LERF) analysis for Level 2 PRAs and does not address Level 3 

PRAs. Finally, it was acknowledged that the PBMR PRA results will have relatively 

large uncertainties stemming from the lack of operating experience 
49

. PBMR 

licensing project activities were discontinued due to a lack of funding and no further 

development of the PRA is documented. 

2.7.3 Next Generation Nuclear Plant (NGNP) 

A PRA has yet to be fully developed for the proposed NGNP project designs; 

however a white paper was published describing the scope and objectives for the 

PRA for use in the NGNP Combined Operating License Application (COLA) and 

subsequent HTGRs 
42

. The approach is applied to a single reactor module with the 

capability to extend later to multi-module plant designs. It was noted that the NGNP 

HTGR PRA will take into account insights from the Exelon PBMR pre-application 

review and build upon the approach applied to the MHTGR as part of the pre-

application review. In addition to discussion of PRA methodology, the paper outlines 

the relevant regulatory policy and guidance for the proposed HTGR PRA. 

Furthermore, it was acknowledged that the PRA will necessarily account for the risk 

of multiple modules. 

Similar to the PBMR PRA approach, the NGNP PRA would not calculate CDF 

or LERF metrics but rather would calculate HTGR-specific plant state frequencies 

that correspond with the Licensing Basis Events (LBEs). Certain intermediate plant 

states may be defined to define intermediate risk metrics, typically involving 

pressurized and depressurized conduction cooldown events, where the capability for 

forced circulation core cooling by active systems is lost.  

The proposed PRA model structure would consist of a continuous event 

sequence spanning the initiation of events to the release categories for which 
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mechanistic source terms and radiological consequences are calculated. Thus, the 

integral HTGR PRA approach encompasses the functions of a full scope Level 1-2-3 

LWR PRA. A comparison of the HTGR PRA structure for the NGNP COLA with 

that of the Level 1-2-3 framework for an LWR was provided in the white paper and is 

duplicated in Table 3. 

Table 3: Comparison of HTGR PRA with LWR PRA Model Structure 
42 

 

PRA Model 

Attributes PRA Outputs 

LWR 

HTGR 

Level 1 Level 2 Level 3 

Assessment 

of accident 

frequencies 

Core Damage 

Frequency 

(CDF) 

Yes Yes Yes 

No, however a range of 

selected risk metrics 

consider releases from the 

fuel. 

Plant Damage 

State (PDS) 

frequencies 

Not 

necessary 

but 

sometimes 

included 

Yes, all PDSs 

are variations 

of LWR core 

damage state 

Yes, all PDSs 

are variations 

of LWR core 

damage state 

Yes, NGNP plant states 

defined as event sequence 

families for LBEs; some 

intermediate states may be 

defined. 

Release 

category 

frequencies 

No 

Yes, all 

involve core 

damage and 

are LWR 

specific 

Yes, all 

involve core 

damage and 

are LWR 

specific 

Yes, however NGNP 

HTGR-specific release 

categories are not tied to a 

core damage state 

Frequencies of 

site 

meteorological 

conditions and 

emergency 

planning 

responses 

No No Yes 

Yes, conservative bounding 

treatment is expected to 

meet COLA requirements 

Assessment 

of accident 

consequences 

Source Terms No 

Yes, 

mechanistic 

source terms 

for each 

LWR release 

category 

quantified 

Yes, 

mechanistic 

source terms 

for each LWR 

release 

category 

quantified 

Yes, mechanistic source 

terms for each NGNP 

HTGR release category 

quantified. 

Consequences 

to the Public 
No No 

Yes, early and 

latent health 

effects 

(QHOs). 

Yes, but doses would be 

assessed at the exclusion 

area boundary. 

2.8 Present PRAs of Gas-Cooled Reactors 

2.8.1 CEA Gas-Cooled Fast Reactor (CEA GFR) 

The CEA developed a Level 1 probabilistic model to support the design of the 

2400 MWth gas-cooled fast reactor 
51

. The GFR design is helium cooled with a core 

outlet temperature of about 850-900°C and an operating pressure of 7 MPa. The top 

events for the Event Trees (ETs) are mostly related to the mission of the front line 
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systems. Fourteen Initiating Event (IE) families were selected using the Master Logic 

Diagram (MLD) approach. The frequencies of the IEs are based on similar data for 

various reactor types (LWR, SFR, HTGR, PBMR) and expert judgment with 

uncertainties described by lognormal distributions and assumed a low Error Factor 

(EF) of 3. The EF is calculated by taking the square root of the ratio of the 95th 

percentile to the 5th percentile. The Level 1 PSA, equivalent to PRA, model assumes 

a mission time of 7 days, where the mission time refers to the time that a system or 

component is required to operate in order to successfully perform its function.  

Component failure rates were obtained from three databases: EIREDA (French 

PWRs), T-BOOK 6 (Scandinavian LWRs), and EG&G-gas (related to gas-cooled 

reactors). A simplified methodology for creating the component reliability database 

was executed under the assumption that components belonging to GFR gaseous 

circuits are affected by failure rates consistent with the EG&G-gas database, whereas 

for GFR water circuits the EIRDA database is preferred. In cases where a value is not 

obtainable, the assumed values of 10
-3

 for a failure on demand and 10
-6

 per hour for a 

failure to run are applied. Uncertainties in failure rate data are described by lognormal 

distributions with an EF of 3 indicating “good” confidence and an EF of 10 indicating 

“poor” confidence. Furthermore, the Multiple Greek Letter (MGL) model was 

selected to describe Common Cause Failures (CCF). Neither Human Reliability 

Assessment (HRA) nor component unavailability due to repair actions were 

accounted for in the model, driven by the early design stage of the reactor. CDFs are 

provided for each IE, with a total core damage frequency of 1.47E-06 per year. 

2.8.2 Very High-Temperature Reactor (VHTR) 

The VHTR currently in development in Korea is a gas-cooled graphite reactor 

with Tristructural-Isotropic (TRISO) fuel assembled in either block or pebble form 
52

. 

Similar to the PBMR PSA approach, the VHTR PSA approach diverts from the 

traditional Level 1-2-3 approach. A two level procedure is approached which consists 

of a sequence level PSA, analyzing the accident sequence and containment 

performance, and a consequence level PSA, for consequence analysis. Sixteen 

radiation release categories are identified, stemming from five plant damage states 
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and two core heat-up states. IE selection is based on the MLD method, identifying the 

accident initiators having a radiological potentiality according to the conceptual 

design of the VHTR; twenty two IEs were selected for the analysis.  

IE frequencies were assigned in a subjective manner due to the lack of 

information, and will necessarily be continually refined. Event tree models are used 

for accident sequences and supporting logic models are used to estimate functional 

heading events in the main event trees, as opposed to fault tree models which require 

more depth. Documented preliminary results for the unfavorable core heat-up 

estimate 4.27E-05 per year. No specific component reliability database, HRA, or 

reliability of the digital instrumentation and Controls (I&C) system, or source terms 

are currently assessed due to the insufficient level of depth of the VHTR design 

development. The VHTR PSA is expected to develop concurrently with the 

development of the VHTR design. 

2.8.3 High Temperature Gas-Cooled Reactor- Pebble Bed Module (HTR-PM) 

The internal initiating event PSA under the power operation mode for the HTR-

PM has been completed 
53

. PSA models for the extended scope such as low power 

and shutdown mode, internal hazards (fire and flood), and external events (seismic) 

are under development. The typical CDF and LERF risk metrics are replaced by the 

HTR-PM specific risk metric representing the cumulative frequency of all the beyond 

design basis accident sequences which may cause the off-site individual effective 

dose at the site boundary to exceed 50mSv. The estimated value of 3.7E-7 per reactor 

year is calculated for the cumulative frequency of the accident sequences which may 

exceed the 50mSv consequence limit. 

As expected, the HTR-PM PSA does not follow the traditional Level 1-2-3 

framework, instead electing an integrated framework which combines the level 1 and 

2 PSA. The eighteen categories of IEs were selected using deductive methods such as 

the MLD method and Failure Mode and Effect Analysis (FMEA). IE frequency 

quantification is determined under the assumption that transient initiating events 

similar to those found in LWRs can be determined based on worldwide operating 

experience and LOCA and support system failure initiating events are quantified 
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specifically using expert judgment and consolidated operating experience where 

applicable. 

Component reliability data for the HTR-PM PSA is based on generic sourced 

due to insufficient relevant operation information. Reference databases include Jul-

Spez-388 (German HTR), URD database (EPRI LWR), NUREG/CR-6928 (US 

LWR), and NUREG/CR-2728 (US LWR). Conservative choices are made if obvious 

differences exist among the databases. Although disparities among databases exist, 

sensitivity studies of component data revealed the fact that the problem of component 

reliability data is much less severe than conceived. It was noted that the unique design 

conception and functional features of the reactors can influence the results more 

significantly than the component reliability data of new reactor concepts.



41 

 

 

3 Vented Fuel System PRA 

3.1 Vented Fuel System Design 

In order to perform a PRA, specifics of the system such as component types, 

component layout, system redundancies, and operator interaction are necessary 

inputs. As stated previously, the present work utilizes the GA EM
2
 vented fuel design 

as the representative system for the PRA due to the sufficient state of the design and 

collaboration with GA. The following sections discuss the components of the fission 

product vent system and their arrangement in greater detail. 

3.1.1 Choice of Fission Product Vent System Components 

The purpose of the FPVS system is to transport fission products from the core 

to a collection system for long term safe keeping in order to achieve the projected 

extensive core life without over-pressurizing the fuel. The purge stream, which 

carries fission products directly from the fuel, is highly radioactive, requiring safety 

considerations during transport. One such safety feature is a negative pressure 

differential (relative to the primary coolant inlet pressure) that is maintained to 

prevent leakage of gaseous fission products into the primary coolant. With the high 

level of radioactivity present in the purge stream, it is desirable to trap as many 

fission products as possible, as close to their source as possible to reduce the risk of 

environmental release. Consequently, the specific configuration of the system must be 

optimized to safely remove and store the majority of the fission products in the 

beginning portion of the system.  

The most commonly used material for fission product sorption is activated 

charcoal. Activated charcoal is often chosen due to its high melting temperature, 

permitting operation at high operating temperatures concomitant of GFRs, and its 

capability for capturing and delaying radioactive noble gases that are markedly inert. 

Activated charcoal is an attractive adsorbent due to its large capacity, non-

hygroscopic nature (ability to not hold water)
54

, and is relatively inexpensive. The 

process of collecting noble gasses using activated charcoal relies on the principle of 

adsorption (collection of a particle on a surface) rather than the more familiar 
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principle of absorption (collection of a particle in a volume). To trap additional 

fission products, the activated charcoal bed can be used to exploit the principles of 

condensation (if the temperature of the bed is below the boiling point of the element) 

and chemisorption (the process of sorbing an element by chemical bonding with the 

carbon or an impregnated element or molecule). 

Activated charcoal is capable of trapping all fission products released from the 

fuel, however the adsorption characteristics of activated charcoal vary considerably as 

a function of temperature and the elemental properties of the adsorbed contaminant. 

For instance, volatile metals and non-metals released from the core can be adequately 

adsorbed at higher temperatures however for noble gases and halogens, satisfactory 

adsorption can only be achieved at lower temperatures 
54

. Naturally, this process is 

completely reversible for noble gases by simply allowing the temperature of the 

charcoal bed to increase. This ability is desirable for recharging the system under 

controlled settings, however can be deleterious if unintentional reversal occurs under 

accident conditions. 

3.1.2 Fission Product Vent System Component Layout 
 

As discussed previously, the configuration of the system must be designed in 

order to ensure effective removal and retention of the fission products quickly and 

efficiently. Thus, it is desirable to remove as many fission products as possible as 

close to the source as conceivable. In an ideal situation, a single trap would be 

employed to collect all fission product contaminants from the helium purge stream 

immediately after exiting the core, however the presence of decay heat and the 

variation of fission products present in the purge stream makes this task impractical. 

Thus, the system is essentially divided into two regions based on temperature. First, 

the purge stream passes through a hot region, which is designed for the collection of 

volatile metals and non-metals, and next a cold region which is intended for the 

collection of halogens and noble gases. By configuring the system with the hot region 

first, the required cooling load is reduced by removing as many contaminants as 

possible before reaching the cold region. 
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The FPVS is subdivided into the FPTS and the FPRS. The FPTS consists of a 

series of manifolds, pipes, and valves, which transport the purge stream from the fuel 

elements to the FPRS via three 100% redundant trains. The FPTS is additionally 

responsible for regulating the pressure to ensure a negative pressure differential 

between the fuel bundle and the primary system to prevent leakage of gaseous fission 

products into the primary coolant. The FPRS is designed to remove and retain the 

fission products from the purge stream via filtration and adsorption at both high and 

low temperatures. The FPRS features three 100% HTAs located outside of the 

pressure vessel and inside of containment. The placement of the first fission product 

trap outside of the fuel element deviates from the Peach Bottom and GCFR systems 

which utilize in-element charcoal traps. 

By placing a trap in the core it can be cooled by the primary coolant, rather than 

a separate cooling system required of a core-external fission product trap. However, 

the internal placement of the trap negatively impacts the size of the core and 

consequently the cost of the reactor vessel and fuel elements in addition to 

diminishing the neutronic performance of the core. Conversely, placing the first trap 

outside of the core allows the trap to be cooled to lower temperatures than the 

primary coolant, increasing the adsorption capability of the charcoal bed. Moreover, 

this placement allows the trap to be larger and more complex without the inherent 

restrictions of an in-core configuration. The disadvantages of a core-external trap are 

the additional cooling burden, which could potentially become an issue during an 

accident scenario, and the increased risk of radioactive release as a consequence of 

almost all the volatile radioactive material produced in the core being carried outside 

of the core through piping and valves. Keeping this in mind, the EM
2
 design places 

the first fission product trap in containment, removing the majority of the fission 

products prior to exiting containment via dual redundant containment isolation 

valves.  

The remainder of the system, which includes four redundant 50% LTAs and 

two redundant compressor modules, is located in the reactor auxiliary building. 

Placement of these components in the auxiliary building allows for easy access for 

maintenance and precludes an increase of containment sizing necessary to house 
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additional components. Although this placement does introduce some risk of release 

from the reactor auxiliary building, the magnitude of fission products in the purge 

stream is significantly decreased after passing through the HTA. Additionally, dual 

redundant automatic isolation valves are in place for system piping entering and 

exiting the containment. Thus, in the event of an accident scenario, the portion of the 

system located in the auxiliary building can be isolated. 

As stated previously, the EM
2
 design has undergone a series of modifications 

and evolutions in association with the present work. In addition to the determination 

of valve and flange types and locations, it was decided to remove the dependency of 

the HPS from the FPVS. Early in the design process, the LTA and compressor 

modules were shared between the HPS and FPVS as a means of reducing capital cost 

by eliminating duplicate components that could be otherwise shared between the two 

systems. As a result of the present work, it was determined that sharing the LTA and 

compressor modules between the HPS and FPVS significantly increases the 

complexity of the design and increases the probability for containment bypass 

scenarios while offering an insignificant reduction in capital cost.  

It was determined that little, if any, reduction in capital costs resulting from the 

elimination of independent LTA and compressor modules for the HPS, both relatively 

low-cost components, would be at least partially offset by the cost of additional 

piping and valves required for a shared component interface. Furthermore, the 

interfaces between the HPS and FPVS add complexity to the safety analysis and 

increase the probability of potential containment bypass scenarios. The functions of 

the HPS, in addition to maintaining proper coolant chemistry, are to provide purified 

helium to various purges and buffers in the plant and purify the helium inventory 

before sending it to the helium storage tanks. By sharing the LTA with the FPVS, 

which provides a relatively large fission product inventory, there is an increased 

potential of inadvertently distributing radioactivity around the plant via the HPS. 

Although a PRA of the shared HPS and FPVS configuration was not completed, 

preliminary work on the PRA model for this configuration proved overly 

complicated, requiring an assessment of the HPS system in its entirety due to the 

dependence of the two systems. Furthermore, the HPS functions providing purified 
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helium to various purges and buffers in the plant added complexity to the analysis, 

broadening the scope of the PRA to an impractical level given the time and resources 

available. The vented fuel system, as modeled in the subsequent analyses, is shown 

Figure 13.
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Figure 13: Vented Fuel System Diagram 
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3.2 Probabilistic Risk Assessment Modeling Assumptions 

The present work aims at understanding the safety implications and feasibility 

of the FPVS. As such, it is necessary to define the scope of the PRA performed in the 

present work and the subsequent assumptions necessary. In order to determine the 

risk associated with a failure of the FPVS to retain fission products under accident 

conditions, the FPVS is treated as an isolated system. The following analyses are 

performed under the assumption that the FPVS is isolated from the effects of a failure 

of surrounding plant systems, with the exception of the integrity of the reactor 

pressure boundary, containment, reactor building, and auxiliary building. 

Furthermore, it is assumed that the systems not analyzed in the PRA operate 

perfectly.  The pathways by which fission products may escape the FPVS and lead to 

an environmental release are shown in Figure 14. 

 

Figure 14: FPVS Potential Pathways to Environmental Release
 

3.3 Probabilistic Risk Assessment Inputs 

To perform a PRA, it is necessary to quantify the frequency of a given initiating 

event and the probability of component failure, human failure, and common cause 

failures. Furthermore, these frequencies and probabilities serve as input into a 

graphical representation of system and accident progression failure through the use of 

fault tree, event tree, and accident progression event tree analysis. Additionally, 

specifics of the quantity and distribution of fission products throughout the system 
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and the capacity of various fission product barriers to limit the release to the 

environment are necessary input in calculating the source term. Finally, in order to 

determine the environmental consequences, additional information regarding the 

location and type of release and atmospheric dispersion conditions must be 

quantified. The following sections discuss the various inputs to the vented fuel system 

PRA. 

3.3.1 Initiating Event Frequency 

Every accident analysis begins with an initiating event, thus the first node of an 

event tree is the initiating event frequency. The initiating event frequency is the 

numerical value (in units of 1/year) assigned to reflect the estimated frequency of 

occurrences of a given accident type for a given plant design and location. When 

available, initiating event frequencies are determined based on operating experience 

data spanning several decades. In the U.S., the extent of our operating experience data 

is primarily for BWR and PWR plants; this data is analyzed, continually updated and 

made available to the general public by the NRC 
55

. Unfortunately, the lack of 

operational experience for advanced gas reactors makes it difficult to determine both 

initiating event scenarios and their corresponding frequencies.  The method 

commonly employed for advanced gas reactor PRAs in determining initiating event 

frequencies is to integrate the limited gas reactor specific data, relevant LWR data, 

and expert engineering judgment. Likewise, the vented fuel system PRA requires a 

similar methodology that will be discussed further in Section 4.2.1. 

3.3.2 Component Reliability 

When analyzing the reliability of a system, the system is broken down to the 

component level and analyzed using fault tree analysis 
34

. The reliability of a 

component refers to the component’s ability to successfully perform an intended 

function. There are two basic types of components, those that operate continuously 

(fails when operating) and those that operate on demand (fails to start or while 

operating after start). The probability of component failure is determined using 

component failure rate data, a statistical model (typically exponential), and a set 

mission time. The unreliability of a component is defined as  
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(7)                         

which represents the probability that the component will fail sometime up to time t. In 

equation (7), T represents the time-to-failure of the component and f(t) is the 

probability distribution function (PDF). The hazard rate of a component shows the 

changes in the probability of failure over the lifetime of the component; the shape of 

the hazard curve exhibits a bathtub shape and is commonly referred to as the bathtub 

curve, as shown in Figure 15.  

 

Figure 15: Typical Bathtub Curve 
34 

The exponential distribution is the most commonly used PDF in reliability analysis, 

corresponding to a constant hazard rate model representative of the chance failure 

region of the bathtub curve. The exponential distribution is given in equation (8) 

 ( ) exp( )f t t                                                   (8) 

where λ is the instantaneous failure rate. Similar to the determination of initiating 

event frequencies, the failure rate for a given component is determined by operational 

experience data and is readily available for LWR environments 
55

. Conversely, 

component data unique to gas reactors is limited requiring an assessment method of 

integrating failure rate data from various reliability databases and exercising 

engineering judgment. Thus, the component reliability database for the vented fuel 

system is assembled by selectively merging failure data from several applicable 

reliability databases. Further discussion of the specific methodology applied to the 

development of the vented fuel system component reliability database will be 

described in Section 4.2.2. 
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3.3.3 Common Cause Failure (CCF) 

Dependent failures are defined as events in which the probability of each failure 

is dependent on the occurrence of other failures 
34

. In reliability analysis, dependent 

failures must be given adequate treatment in order to minimize overestimation of 

reliability. These failures may be caused by internal events (internal challenges, 

intersystem or inter-component dependencies) or external events (natural or man-

made environmental events). Several major causes of dependence can be explicitly 

described and modeled, however the remainder of the causes can be collectively 

modeled using the concept of CCCF. CCFs are defined as a subset of dependent 

events in which two or more component fault states exist at the same time, or in a 

short time interval, and are direct results of the same cause. These dependencies of 

CCFs are not known and difficult to model explicitly. Consequently, several 

parametric models have been developed to quantify the probability of CCF.  

These models include the beta factor, MGL, alpha factor, and binomial failure 

rate models. The beta factor model is the most common single parameter model, 

which assumes whenever a common cause event occurs all components of the 

redundant component system are assumed to fail instantaneously. This method is 

commonly used for its simplicity, but at higher levels of redundancy other multiple 

parameter models should be used.  

One such multiple parameter method is the MGL model. This model utilizes 

additional parameters (γ,δ, etc.) to distinguish among common cause events affecting 

different numbers of components in a higher level of redundancy. In this model, (β, γ, 

δ) represent the conditional probability to have at least (2, 3, 4) components 

belonging to the same CCF group failing by the same cause knowing that (1, 2, 3) 

components failed. The probability Qk represents the probability of CCF among k 

specific components in a component group of size m, such that 1< k < m. The 

equation used to calculate Qk for the MGL model is given in equation (9) 
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where Qt represents the total probability of failure accounting both for common cause 

and independent failures. Further discussion of the CCF model applied to the vented 

fuel system PRA will be described in Section 4.2.3. 

3.3.4 Human Reliability 

The method of quantifying the reliability of human interaction is called human 

reliability analysis. The assumptions, mechanisms, and approaches used by any one 

specific human model cannot be applied to all human activities 
34

. Human 

performance can be affected by social, environmental, psychological, organizational, 

and physical factors that are difficult to quantify. Human error may occur in any 

phase of the design, manufacturing, construction, and operation of a complex system, 

however human reliability during system operation is generally of primary concern in 

PRA.  In instances where operator action is required, such as switching trains for 

testing and maintenance, it is important to properly model the probability associated 

with the reliability of a given operator to successfully perform the task at hand.  

The MHTGR PRA operator response model was based on cognitive error as 

opposed to procedural 
23

.  It was identified that accident timing and operating systems 

differ from those of PWRs, requiring a different operator response model. 

Furthermore, reliance on computer controlled systems during normal operation 

conditions and on passive safety systems during accident conditions removed 

dependencies on operator interaction in several instances. The MHTGR operator 

response model assigns a human error probability as a function of time, based on the 

1982 generic data base for data models chapter of National Reliability Evaluation 

Program (NREP) guide 
56

.  

Several more modern HRA methodologies have since been applied to industry 

reliability assessments. These include: Technique for Human Error Rate Prediction 
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(THERP)
57

, Accident Sequence Evaluation Program (ASEP) HRA Procedure
58

, 

Cause Based Decision Tree (CBDT) Method
59

, Human Cognitive Reliability 

(HCR)/Operator Reliability Experiments (ORE) Method
59

, Standardized Plant 

Analysis Risk HRA (SPAR-H) method
60

, and A Technique for Human Event 

Analysis (ATHEANA) Method
61

. All of the previously mentioned methods have 

strengths and weaknesses; the chosen method for a specific application is dependent 

on the application and importance of the breadth and depth of the analysis
62

.  

The THERP Method is resource intensive and lacks guidance leading to an 

increased potential for analyst-to-analyst variability in the results
62

. The generic 

Time/Reliability Correlation (TRC) for addressing diagnostic errors is an over-

simplification for addressing cognitive causes and failure rates for diagnosis errors 

when used by itself. Inputs besides time availability may impact the error rate and are 

not accounted for in this method. The ASEP method is a simplified and easy to use 

version of the THERP method, which similarly uses a generic TRC for addressing 

diagnosis errors, which leads to over-simplification. The CBDT method uses decision 

tress, similar to fault trees, to provide an initial set of failure mechanisms and 

influencing factors to be considered, offering flexibility. However, this flexibility 

leads to potential variability among analysts and was not intended to address time-

limited conditions.  

The HCR/ORE method uses empirical data and results in a reasonable and 

reliable quantification, however there is no systematic approach to identify causal 

factors that could affect diagnosis for actions modeled and the associated limitations 

to this method questions the consistency and appropriate application of this method
62

. 

The SPAR-H method is relatively simple to use and results are traceable. The eight 

Performance-Shaping Factors (PSFs) included cover many situations where more 

detailed analysis is not required and the effect of the time dependence is considered in 

this method. The resolution of the PSFs is inadequate for detailed analysis, however 

this is considered inconsequential for systems with limited information available for 

the system. The ATHEANA method is among the most thorough context developing 

HRA methods considering a reasonable range of different conditions as part of the 

context. However, this method is both time and resource intensive offering flexibility 
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and detailed analysis with a cost. Further discussion of the HRA model applied to the 

vented fuel system PRA will be described in Section 4.2.4. 

3.3.5 Fault Tree Analysis 

As described in Section 2.5.2, fault trees are used to determine the various 

combinations of component failures that lead to the occurrence of the top event. Fault 

trees are developed by breaking down the system into constituent components and 

modeling their dependence accordingly. Fault trees can be developed for subsystems 

within a larger system for simplicity and transferred into the larger system’s fault tree 

accordingly. This methodology was applied to the vented fuel system PRA, where 

fault trees were developed for the individual modules which together constitute the 

FPTS and FPRS, which ultimately form the FPVS. Thus, fault trees were developed 

for in-service and stand-by HTAs, LTAs, compressor modules, and the regenerative 

heat exchanger and were transferred into the fault trees for the FPTS and FPRS. 

Further discussion of the development of fault tree models for the vented fuel system 

PRA will be described in Section 4.2.5. 

3.3.6 Event Tree Analysis 

As described in Section 2.5.2, event trees are developed to model an initiating 

event and the chronological demand of each subsequent system in response to the 

initiating event. At each branch point, the demand on the postulated system is either a 

success or failure, leading to an eventual end state where the core is either damaged 

or OK. Pathways that lead to core damage end states are qualitatively evaluated 

resulting in a PDS frequency. PDSs are scenarios leading to core damage, thus the 

summation of the calculated PDS frequencies results in an overall CDF, the 

traditional output of a Level 1 PRA analysis.  

As the present work is limited to the evaluation of the vented fuel system 

explicitly, an end state of a vented fuel system Level 1PRA event tree resulting in a 

system failure is defined as a System Damage State (SDS), in lieu of a PDS. 

Likewise, the summation of SDSs results in a System Failure Frequency (SFF), in 

lieu of a CDF, as the SFF more accurately integrates the definition of failure for this 

analysis. A system failure for this analysis is defined as the release of radioactivity 
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from the vented fuel system, thus failure modes resulting in leakage from the vented 

fuel system are analyzed. Further discussion of the development of event tree models 

for the vented fuel system PRA will be described in Section 4.2.6. 

3.3.7 Accident Progression Event Tree Analysis 

As described in Section 2.5.3, PDS information is considered to be the initial 

condition of the plant for the APET. In a typical LWR Level 2 PRA, APETs are used 

to identify the ways by which containment failure or bypass may occur in addition to 

the various severe accident processes that affect the mode of failure, timing of failure, 

and magnitude of environmental radioactive material release. As the present work is 

limited to the evaluation of the vented fuel system safety implications explicitly, the 

APET is developed to analyze the progression of the accident in the vented fuel 

system and containment.  

The top events of the APET incorporate the effects of changes to the system in 

response to the initiating event beyond leakage from the system. These top events 

incorporate the additional possible failure modes of the vented fuel system and 

associated systems that have the potential to alter the progression of the accident via 

the timing of a failure or the magnitude of the radioactive release. The top events are 

categorized to describe failures related to pressure control, availability of cooling 

systems, change in adsorption capabilities, status of pressure boundary and 

containment isolation, and the status of the integrity of containment itself. The end 

states of the various sequences of the APET are categorized into release categories of 

similar significance, identified as Source Term Groups (STGs). Thus, the output of 

the Level 2 APET analysis is ultimately a frequency of occurrence for the various 

STGs. Further discussion of the development of the APET model for the vented fuel 

system PRA will be described in Section 4.3.1. 

3.3.8 Source Term Analysis 

The source term calculations for the GA MHTGR
 63

 and NGNP HTGR 
64, 65

 

identify two distinct components to the source term: a prompt term which can be 

released immediately and a delayed term whose timing is dictated by the slow heatup 

of the core. The prompt source term is comprised of both circulating and plateout 
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inventories. The delayed source term is a larger fraction of the total fission products 

and consists of the release from fuel particles which have manufacturing defects, 

including heavy metal contamination, released by transients or chemical attack from 

water ingress events. Due to the assumptions and limitations of the modeling tools 

currently developed for the system, only the prompt source term is considered in the 

present work. 

Similar to LWRs, gas reactors employ several fission product barriers to limit 

the release of radionuclides to the environment. The functional containment of many 

gas reactor designs includes the fuel particle and coating, the graphite core, the 

pressure boundary, the containment, the reactor building, and the auxiliary building. 

As the vented fuel system is designed to remove fission product gases from the core, 

the present work focuses on the barriers outside of the core, which include the 

pressure boundary, containment, and reactor building. The ability of these fission 

product barriers to limit the release of radionuclides is characterized by way of 

Attenuation Factors (AFs).  

Numerous analytical tools are used to model and calculate fission product 

generation, transport, and release to the environment. Frequently, these include 

computer codes specific to the reactor designer 
64

. In general, separate sets of codes 

are used to calculate the distribution of fission products in the core and in the primary 

cooling system during normal operations and the behavior of the fission products 

during accident sequences, including incremental, additional fuel failure and fission 

product transport and release. The present work employs a fission product transport 

model developed using the software tool STELLA for the vented fuel system. 

Additional information regarding the STELLA model and the application of AFs to 

integrate the retention capability of fission product barriers into the source term 

calculations is discussed in Section 4.4.  

3.3.9 Consequence Analysis 

Consequence analysis is often performed using MELCOR Accident 

Consequence Code (MACCS) software as a continuation of the integral severe 

accident analysis code MELCOR frequently used for Level 2 analysis.  Due to the 
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limited scope of the present work, a more general industry standard release model 

code was selected.  The present work utilizes the software tool GENII version 2.10 

for calculation of radiation dose and risk from radionuclides released to the 

environment from the vented fuel system under accident conditions
41

.  

The MHTGR PRA includes a consequence assessment for forced convection 

cooldown events under dry and wet conditions
24

. Since the EM
2
 does not employ a 

steam generator, only dry accident scenarios are considered further. Forced 

convection cooldowns under dry conditions are assumed to be imitated by primary 

coolant leaks. Several sub categories are considered within the forced convection 

cooldown dry condition scenario, which differ in consequence dependent on the size 

of the leak. The fission product transport in the reactor building, subsequent release to 

the atmosphere, and resultant dose calculations were performed using the TDAC 

computer code, based on coupled linear differential equations governing the activity 

in the different volumes representing the reactor vessel, reactor building, and the 

environment over time.  

The assumption of instantaneous homogeneous mixing is used to calculate the 

activity in each volume. The dose calculations are based on the semi-infinite cloud 

approximation. The parameters and site data used in the TDAC model include a 

settling rate of  0.32 h
-1

, plateout rate of 1.0 h
-1

, leak rate of 1 volume/day, Exclusion 

Area Boundary (EAB) distance of 425 m, atmospheric dispersion factor at the EAB 

(including building wake effect) from 0 to 8 hours of 1.22 x 10
-4

 s/m
3
, and a breathing 

rate from 0 to 8 hours of 3.47 x 10
-4

 s/m
3
. The atmospheric dispersion factors used in 

the nominal analysis were derived in accordance with the methodology of Regulatory 

Guide 1.4 
89

, including the effect of the building wake. Ten percent of the Regulatory 

Guide 4.2 
90

 atmospheric dispersion factors are used for the median values, in 

accordance with Regulatory Guide 4.2, since it results in typical values for any 

potential site and is expected to envelope about 85% of U.S. sites. The breathing rates 

used in the analysis are taken directly from the Regulatory Guide 1.4. The nominal 

does consequence for each of the release categories analyzed is given for 30-day EAB 

thyroid, lung, bone, and whole body gamma doses. 
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More recently, a NGNP scoping analysis of source term and functional 

containment attenuation study was performed in which a simplified model of 

representative reactor configurations was used to estimate potential source terms and 

consequences. Atmospheric dispersion and deposition values are determined using 

the methodology and meteorological information identified in the report, 

“Engineering Evaluation of X/Q Values Consistent with Regulatory Guide 1.145
92

”. 

Dose calculations were performed for distances of 400 m, 800 m, 1600 m, 3200 m, 

and 8000 m. Distance-weighted dose conversion factors are calculated in MACCS.  

Atmospheric dispersion factors (X/Q values) were determined at the specified 

downwind distances for a hypothetical ground-level release using meteorological data 

form a site with the worst case average annual dispersion coefficients. Building wake-

effects were not included, since the building wake acts to increase diffusion and lower 

the X/Q’s, this assumption is conservative. For DBA analyses, 95% values for X/Q 

were used and for PAG analyses average X/Q values were used. The standard dose 

conversion factors listed in the EPA Federal Guidance Technical Reports (FGRs) 11 

and 12 were used and the computer code MACCS generated a set of distance-

weighted dose conversion factors for each exposure scenario.  Five scenarios were 

modeled for a receptor located at 400 m for plume exposures and at all analyzed 

distances for the ingestion pathway.  

The report “Engineering Evaluation of X/Q Values Consistent with Regulatory 

Guide 1.145
92

” was developed to aid the progression of the NGNP by way of 

evaluating site specific atmospheric dispersion estimates that will be established 

during subsequent design development. In the evaluation, the atmospheric dispersion 

model PAVAN was used to calculate X/Q values at defined downwind distances from 

hypothetical ground-level and elevated releases using meteorological data from 18 

nuclear sites.  

Basic model input requirements include release type and height, building 

dimensions to calculate wake effects, and downwind X/Q evaluation distances (i.e. 

the EAB or LPZ distances).  Both a ground-level and an elevated release height of 

100 meters are simulated in PAVAN to provide bounds on the estimates of X/Q at 

downwind distances, including 400, 800, 1600, 3200, and 8000 meters. The NGNP 
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model assumes no building wake effects to be conservative, ground-level and 

elevated to 100m release types, flat terrain, and evaluation distances of 400, 800, 

1600, 3200, and 8000 meters. Additionally, PAVAN requires meteorological data in 

the form of a joint frequency distribution (JFD) of wind direction, wind speed, and 

atmospheric stability. The JFD’s summarize wind information using 16 sectors based 

on standard cardinal compass directions and wind speed binds. Vertical temperature 

difference is used to estimate the Pasquill stability classes.  

The calculated maximum X/Q values correspond well to LWR values obtained 

from Design Certification Documents (DCDs) for currently approved or undergoing 

review Generation III LWRs. Similar to the MHTGR approach, the 50
th

 and 95
th

 

percentiles form the basis of environmental and safety evaluations, respectively. The 

95% X/Q value for a distance of 400 meters was chosen as a reasonable value for 

NGNP scoping calculations based on the 18 different nuclear sites considered. The 

resulting X/Q values are summarized in Table 4. 

Table 4: NGNP 95% X/Q Values for 400 m EAB 

Release Assumption 0-2 hours 0-8 hours 8-24 hours 

95% Ground Level 3.35E-03 1.91E-03 1.49E-03 

95% Elevated  (100m) 6.17E-06 3.33E-06 2.54E-06 

The Total Effective Dose Equivalent (TEDE) for each isotope is calculated 

using equation (10). The atmospheric transport code GENII performs essentially the 

same calculation in addition to calculating the atmospheric dispersion factors given 

meteorological data for the site of interest. Dose calculations were performed using 

this method for one source term group as a means of validating the GENII model.  

 DCFWB In

i i i iDose C DCF BR
Q

                          (10) 

Where, 

i = Index of isotopes 

BR = Breathing rate (3.5E-04 m
3
/s) 

Ci = Activity of isotope i (Ci) 

Dosei = TEDE Dose for isotope i (rem) 

DCFi
WB

 = Whole Body Air Immersion DCF for isotope i (rem-m
3
/Ci-s) 

DCFi
In

 = Inhalation Effective DCF for isotope i (rem/Ci) 

Q
  

= Atmospheric Dispersion Factor (s/m
3
) 
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4 Materials and Methods 

4.1 Vented Fuel System PRA Integration 

As discussed in the previous section, a Level 1, 2 and 3 PRA entails the use of 

several software tools in varying levels of detail and application. To better understand 

how the various components of the vented fuel system PRA are combined, the 

integration methodology applied to the present work is graphically summarized in 

Figure 16.   

 

Figure 16: Vented Fuel System Level 1, 2 and 3 PRA Integration 
 

4.2 Building a Level 1 System Model using SAPHIRE 

To begin the PRA of the vented fuel system, it is necessary to build a Level 1 

system model using a software program with the ability to quantify the SDSs and 

resulting cumulative SFF. The industry standard software tool SAPHIRE version 

8.1.0.0 was chosen for this analysis. In order to complete the Level 1 PRA model, it is 

necessary to select initiating events and their associated frequencies, establish a 

component reliability database, select a methodology for quantifying CCF and HRA, 

and finally to build fault trees and event trees to model system failure and the system 
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response to a given initiating event. The following sections discuss the components of 

the vented fuel system Level 1 PRA development in greater detail. 

4.2.1 Selection of Initiating Event Frequencies 

The lack of operational experience with advanced gas reactors makes it difficult 

to determine IE scenarios and frequencies, thus the method of identifying and 

quantifying initiating event frequencies is similar to the method executed in assigning 

component reliability data from several database sources. The accident sequences to 

be analyzed were chosen based on the contents of advanced gas reactor safety 

analyses and PRA reports, while incorporating LWR initiating events that are 

independent of reactor type. The safety analysis and PRA reports considered include 

the Peach Bottom (PB) Unit 1 
4, 18

, GCFR 
51

, and HTGR 
44, 45

 and PBMR 
67

 safety 

analysis and PRA reports. 

The PB FHSR identifies a rupture of the doubly contained fission product purge 

line as the most severe accident involving two independent failures 
4
. A large break in 

the primary loop causing backflow of purge gas was identified as the most severe 

accident involving a single failure. The PB PHSR identifies three types of accident 

scenarios related to the helium purification system, namely loss of cooling capability, 

rupture of the trapping system, and changes in purge flow contents 
18

. The accidents 

identified within the loss of cooling capability category are the following: loss of 

purge flow, loss of purification compressors, primary system depressurization, loss of 

cooling water, and loss of refrigeration. The accidents within the changes in purge 

flow contents category are the following: increase in fission product concentration, 

increase in water content, and an increase in chemical impurities. In addition to the 

failure scenarios included in these analyses, a station blackout event is considered in 

response to the industry wide efforts to prevent and understand the effects of a 

Fukushima-like event. 

Furthermore, a NGNP HTGR lessons learned report documents moisture 

problems occurring in the FSV HPS 
68

. Moisture bypassed the chiller that was used to 

precipitate water from the helium purification system. The excessive moisture in the 

system caused the operating helium purification train to ice up, causing problems 
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with the purification system during a moisture ingress event. Although the EM
2
 

design does not incorporate a steam generator, alternative water sources are available 

in the design. Nonetheless, it was determined that water ingress event is extremely 

unlikely and therefore omitted from the present work. The initiating events 

considered in the aforementioned sources were incorporated in the present work by 

inclusion as either a failure mode in the fault tree or a subsystem of the HPS or as an 

initiating event. A description of the accident scenarios considered, their relevance, 

and conclusion is included in Table 5. 

Table 5: Events and Failure Modes Challenging the FPVS 

Accident Scenario Relevance Comments Conclusion 

Rupture of doubly 

contained fission 

product purge line 

PB FHSR Rupture or breach of FPVS inlet, 

highest fission product 

concentration. 

Initiating Event – 

Rupture/Breach at FPVS 

Inlet  

Large break in primary 

loop causing backflow 

of purge gas 

PB FHSR Large break in primary loop not 

analyzed in subsystem fault trees. 

Initiating Event – Large 

Break Loss of Coolant 

Accident (LB LOCA)  

Loss of purge flow PB PHSR Blockage, valve failure, rupture. Fault Tree Failure Mode  

Loss of purification 

compressors 

PB PHSR Compressor failure. Fault Tree Failure Mode  

Primary system 

depressurization 

PB PHSR Compressor failure. Initiating Event – LB 

LOCA (Primary system 

rupture) 

Loss of cooling water PB PHSR Heat exchanger failure. Fault Tree Failure Mode  

Loss of refrigeration PB PHSR Liquid nitrogen cooling system 

failure. 

Fault Tree Failure Mode  

Rupture of trapping 

system 

PB PHSR Pipe/valve/seal failure. Fault Tree Failure Mode  

Increase in fission 

product concentration 

PB PHSR Transient. Initiating Event – 

Reactive 

Excursion/Transient 

Increase in water 

content 

PB PHSR/ 

FSV 

Water ingress, SG tube rupture 

(not applicable to all systems).  

Initiating Event – Water 

Ingress (SG Tube 

Rupture)  

Increase in chemical 

impurities 

PB PHSR Filter failure. Fault Tree Failure Mode  

Station Blackout 

(SBO)  

Fukushima IE of Loss of off-site power 

(LOOP) followed by loss of on-

site power.  

Initiating Event – Station 

Blackout 

 

Generally, transient initiating events similar to those in LWRs can be 

determined based on LWR operation experience
53

. However, LOCA and support 

system failure initiating events unique to advanced gas reactors are quantified 

specifically using frequency values available in gas reactor PRA literature wherever 

possible. A lognormal uncertainty distribution was assumed with an error factor 
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chosen based on the availability and applicability of the data. A summary of the 

initiating events selected to be analyzed, associated frequencies, and error factor is 

included in Table 6. 

Table 6: Initiating Event Frequencies 

Number Initiating Event Frequency/yr Error Factor 

1 Rupture/Breach at FPVS Manifold 8.76E-05 10 

2 LB LOCA  1.00E-04 10 

3 Reactivity Excursion/Transient 7.00E-01 10 

4 LOOP (Leading to SBO) 6.14E-02 3 

4.2.2 Selection of Component Reliability Data 

The availability of reliability data for components unique to gas reactors is both 

limited and dated. A 1976 MIT PhD dissertation
6
 documents a probabilistic analysis 

of the GCFR demonstration plant. As this study was an extension of the Reactor 

Safety Study, WASH-1400
26

, failure data from the 1974 study was used in the GCFR 

analysis. The GCR Reliability Data Bank Status Report
69

, published in 1978, is a 

component and system reliability database developed by GA. The data bank resulted 

from extraction of several sources of data that were synthesized into generic failure 

rate estimates with variability ranges for GCR components. WASH-1400 was one of 

several reliability data sources which served as inputs to the creation of the GCR 

Reliability Data Bank. The 1987 GA MHTGR PRA Database
45

 extensively 

references the GCR Reliability Data Bank as the primary source of reliability data. 

The failure rate data found in the MHTGR PRA Database are extremely similar to 

those found in the GCR Data Bank. Additionally, the 1989 Failure Rate Screening 

Data for Fusion Reliability and Risk Analysis (EGG-GAS)
70

 references WASH-1400 

and the GCR Reliability Data Bank as inputs into the fusion database among fission 

plant data sources. 

More recent advanced gas reactor PRA literature references the 1988 MHTGR 

PRA Database as a primary source of data. This includes a 2001 document describing 

the licensing approach for the PBMR in the US
48

. It is noted within this document 

that the process is based on methods developed for the MHTGR and modified to 

reflect advances that have been made since. Specifics regarding the database used for 

the PBMR are not openly available; however there are extensive references to 
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MHTGR documentation, including the MHTGR PRA, which suggests the 

incorporation of the HTGR database to that of the PBMR. A 2011 article discussing 

the reliability database for the CEA 2400 MWth GFR identifies the GCR Reliability 

Data Bank as the main source for components of the primary circuit
71

. EGG-GAS, a 

LWR and SFR database referred to as EGG-SSRE
72

, and several other LWR and 

electronic databases serve as input to the CEA GFR database. A more recent 

publication documenting the reliability database for the CEA GFR
51 

indicates the 

EGG-GAS database was used as the main source for gaseous circuits as opposed to 

the GCR Reliability Databank previously chosen. There is no specific indication as to 

why this is the case. The gas-cooled system data within the EGG-GAS database, 

published 11 years after the GCR databank, is derived directly from the GCR 

databank. Therefore, there is no observable difference in the values indicated, merely 

an updated database source which is likely the context behind the change. 

Moreover, a 2012 article discussing the PSA for the HTR-PM demonstration 

plant in China references the MHTGR PRA, although not specifically related to the 

component reliability data
73

. Due to insufficient operation information, the HTR-PM 

component reliability data is based on generic sources similar to the CEA GFR 

database. The first specifically referenced source is the 1987 German reliability 

database Jul-Spez-388, which was used for the risk analysis of the German HTR 

design that is regarded as the prototype for the HTR-PM. Moreover, several LWR 

databases including NUREG/CR-6928
55

 are referenced as inputs. NUREG/CR-6928 

is superseded by updated data in 2010 that is available on the NRC website in 

spreadsheet form
74

. The EGG-GAS database was essentially updated in 1998 to form 

a new INEEL Fusion database
75

 written by L.C. Cadwallader, a co-author of EGG-

GAS. 

In addition, a 2011 NGNP PRA white paper
42

 discusses the development of a 

PRA database for the NGNP. It was noted that the amount of relevant HTGR and 

GCR experience available to support the PRA is comparatively small, yet comparable 

to the amount of experience that existed with LWRs when the WASH-1400 study 

was performed in the mid-1970s. Existing generic data for LWRs will be used for 

many components, however, unique HTGR components for which there are little or 
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no service data available to derive failure rates from will rely upon engineering 

judgment. Consequently, the limited availability of service data will be reflected in 

larger uncertainties for such components.  

As documented in the more modern gas-cooled reactor PRA literature, the 

common approach to establishing a reliability database is to obtain reliability data 

from gas reactor studies to the extent possible and use reliability data for fusion, 

LWR, SFR, and electronic fields to fill in the gaps as deemed appropriate. This 

approach is executed in the development of the reliability database for the vented fuel 

system. A list of component reliability database documents that were used as inputs to 

the FPVS database is included in Table 7. 

Table 7: FPVS Database Input Reliability Data 

Database Name Application Field Publication Year 

GCR Reliability Data Bank
69

 GCR 1976 

MHTGR PRA Database
45

  MHTGR 1987 

EGG-GAS
70

 Fusion 1989 

EGG-SSRE
72

 LWR/SFR 1990 

INEEL Fusion
75

 Fusion 1998 

NUREG/CR-6928 2010 Update
74

 PWR/BWR 2010 

CEA GFR PRA Database
51

 GCFR 2010 

Due to the narrow scope of the vented fuel system PRA, reliability data for 

components within each subsystem is essential. As this type of study has not yet been 

performed, reliability data for components unique to the FPVS are not included in the 

reactor databases listed in Table 7. These components include the charcoal adsorption 

beds and the liquid nitrogen cooling system. In order to assign reliability data for 

these unique components with a basis, alternative sources such as fusion and tritium 

processing laboratory component reliability data were examined.  Tritium Processing 

Laboratory (TPL) component data was chosen based on the similarities in both 

environment and system components required. Reliability data specific to adsorber 

bed failure was particularly difficult to find. The only documented reference to 

adsorber failure rates found was included in a PNNL Carbon Capture System 

reliability analysis
76

. Although a failure rate was determined for the study, it was 

omitted from the reliability assessment due to the high failure rate dominating the 

reliability measures in an unrealistic manner. As a result, the adsorber failure rate for 

the present work was assigned a target value using engineering judgment. The 
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additional sources utilized in determining the failure rate of unique HPS components 

are listed in Table 8. 

Table 8: FPVS Database Input Unique to FPVS Component Reliability Data 

Database Name Application Field Publication Year 

EFDA – Fusion
77

 Fusion 2004 

JAERI – Tritium Processing Lab
78

 Fusion/TPL 2002 

INEEL – Tritium Component Data
79

 Fusion/TPL 2005 

The process of selectively merging the data to create the FPVS database is 

based on the process documented for the CEA GCFR PSA
71 

and shown graphically in 

Figure 17. A FPVS database is built based on the degree of analogy of components in 

existing databases to those of the FPVS. For each component and failure mode, three 

database relevance tests are performed to determine the appropriateness among 

available data. These tests determine the relevance of the component data regarding 

the function, failure mode(s), and environment. Components are divided into three 

categories distinguishing the degree of similarity of the HPS component to that 

included in the reference database. These categories are “identical”, “similar”, and 

“not referenced” components. 

“Identical” components are defined as components which are included in at 

least one database which meets the three relevance tests in their entirety having the 

same function, failure mode, and environment of that included in the reference 

database. A “similar” component is defined as having only partial analogy to the 

component included in the reference database, generally differing in environment. 

Finally, the “not referenced” component category is for components where no 

comparable data exists. This category is further separated into two subcategories, 

namely “innovative” and “not innovative.” A component deemed “not innovative” is 

assigned a target value common for industry reliable components. The suggested 

mean industry target value is 10
-6

/h for random failure under operation and 10
-3

/d for 

random failure per demand. An “innovative” component is a component for which no 

data corresponds to that component and a challenging numerical value is proposed 

instead of a target value. At this point in time, no innovative components are included 

in the FPVS database.  
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Once categorized, data is selected among several choices, according to the 

relevance of information, the database specificity and its homogeneity. Components 

belonging to gaseous circuits are assigned failure rates as indicated in the MHTGR 

PRA database whenever possible. When data is unavailable in a gas reactor database, 

fusion and TPL reliability data is considered. Likewise, components belonging to 

environments identical to that of a PWR are assigned failure rates as indicated in the 

NUREG/CR-5486 2010 update whenever possible. In instances where component 

data is not included in gas reactor or LWR databases, alternative sources such as 

fusion, SFR, and TPL reliability data is used to assign a best estimate value. 

Furthermore, if there is no available component reliability data in any of the input 

data sources, a target value is assigned. The distribution associated with the data is 

transferred with the value for identical components.  Engineering judgment is 

exercised in assessing the degree of applicability of the distribution associated with 

the reliability data for components that are designated as similar. For components 

with no previously allocated distribution, a lognormal distribution is applied and error 

factor values are assigned based on the degree of uncertainty associated with the data. 

The overall approach is outlined in Figure 17. 

It is important to acknowledge that the lack of component reliability data 

specific for advanced gas reactor environments requires the use of generic data 

sources in differing environments, suggesting a negative impact on the validity of the 

results. Literature pertaining to the PSA of the HTR-PM in China
73

  states that the 

results of a sensitivity study of the component data reveal the effect from the lack of 

reliability data is far less severe than previously perceived. The unique functional 

features and design of the advanced reactors can influence the results more 

significantly than the component reliability data. The redundancy and diversity of 

design components contribute to a situation where the component reliability data is 

less sensitive to the overall risk. Although this statement applies to a full plant PRA, 

similar results are expected for the FPVS PRA. Nonetheless, a sensitivity study is 

performed for components of the FPVS PRA with higher uncertainty to understand 

their effect on overall risk of the system. The FPVS component reliability database is 

included in Appendix A. 
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Figure 17: FPVS Component Reliability Database Flowchart
 

4.2.3 Selection of a Common Cause Failure (CCF) Model 

With the combination of limited reliability data and the preliminary nature of 

the EM
2
 design, the generic multiple parameter MGL model was chosen to quantify 



68 

 

 

CCF probabilities. This method is applied to cut sets containing the same failure 

mode for sample component type. The MGL method is used in the 2010 Level 1 PRA 

analysis of the CEA GFR
51

 and the proposed PBMR PRA
67

. The MGL model is 

identified as a popular multi-parameter model in NUREG-CR-5485
80

, Guidelines on 

Modeling Common-Cause Failures in Probabilistic Risk Assessment. In this model, 

(β, γ, δ) represent the conditional probability to have at least (2, 3, 4) components 

belonging to the same CCF group failing by the same cause knowing that (1, 2, 3) 

components failed. The parameters required to calculate CCF probabilities are 

included in Table 9. 

Table 9: Generic CCF Parameters for MGL Model 

Components in CCF Group β γ δ 

2 0.05 - - 

3 0.08 0.25 - 

4 0.10 0.40 0.25 

4.2.4 Selection of a Human Reliability Assessment (HRA) Model 

Considering the strengths and weaknesses and appropriateness of the various 

HRA methodologies discussed in Section 3.3.4, the SPAR-H method was chosen for 

this analysis. This method was selected due to its simplicity, traceable results using 

the worksheets provided, generic application, and inclusion of multiple PSFs covering 

several situations of importance addressing both diagnosis and execution aspects of 

human events. Due to the lack of specific information related to human interaction 

with the system available at this time, the nominal value of 1.1E-2 is used for control 

room operator actions in this analysis. As the design is finalized further, aspects of the 

worksheet may be modified and updated appropriately. The SPAR-H worksheets 

used to obtain this value are included in Appendix B. 

4.2.5 Level 1 Fault Tree Development 

Fault trees are created for the FPVS subsystems for both normal operating 

conditions and accident conditions. The analysis of the vented fuel system operating 

under normal conditions offers insight regarding the potential and probable failure 

mechanisms which may inhibit the system’s ability to successfully remove and retain 

fission products from the purge stream and return the filtered helium to the primary 



69 

 

 

system. Although it is possible that a series of failures of FPVS components during 

normal operation could potentially lead to an undesirable event with safety 

repercussions, the probability of such a failure is reasonably small. Furthermore, 

analysis conducted on the Peach Bottom HPS regarding expected failure modes of the 

system during normal operations determine the consequences to be fairly insignificant 

with the exception of a loss of cryogenic cooling of the LTA or a rupture of the 

doubly contained purge line.  

The bounding failure mode of the EM
2
 vented fuel system during normal 

operations is a rupture of the FPVS manifold at the primary coolant boundary, 

equivalent to the rupture of the doubly contained purge line, releasing purge stream 

gas prior to any filtering or adsorption treatment. This bounding failure mode is 

further evaluated as part of the accident scenario, further exacerbated with the failure 

of the liquid nitrogen cooling system as analyzed in the Level 2 analysis. Thus, the 

normal operation fault tree analysis of the system does not offer additional insight 

regarding the safety implications of the vented fuel system and is dismissed at this 

stage.  

To analyze the safety implications of the system under accident conditions, the 

first step is to analyze how fission products could potentially escape the vented fuel 

system. Thus, fault trees are developed for the various components of the vented fuel 

system with the top event of release of fission products. In addition, a fault tree was 

developed for the on-site emergency power system in order to model the failure of 

on-site power leading to a station blackout event.  

4.2.5.1 Normal Operation Fault Trees 

The goal of the normal operation fault tree analysis is to understand how the 

system might fail to remove and retain fission products from the purge stream and 

return the filtered helium to the primary system. Therefore, failure modes resulting in 

unavailability of a train or module, breaches in the system, a disruption in the flow 

path, flow rate, or temperature are considered. For clarity, the system is broken down 

into the fuel system and the FPVS, which consists of the FPTS and FPRS. Individual 

fault trees are created for the various modules and are transferred into the main fault 
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trees for their respective system (FPTS or FPRS) which are in turn transferred in to 

the overall vented fuel system fault tree.  

The fault tree for the fuel system consists of failure modes resulting in leakage 

or clogging of the piping. The FPTS fault tree consists of failure modes resulting in 

leakage from the system, failure to maintain the pressure differential (via single 

control valve), and unavailability of the three trains of the FPTS due to operator error 

and valve failures. The FPRS fault tree consists of failure modes resulting in leakage 

from the system, and inaccessibility and failure of the various modules. Failure modes 

for the modules consist of failure of individual components such as filters, adsorbers, 

compressors, and cooling systems. The LTA modules are considered to collectively 

fail if three of the four available modules fail or are unavailable since each is a 50% 

train, thus a minimum of two modules is required at a given time.  

For operational component failure modes, a standard mission time of 24 hours 

was used. The SAPHIRE default cut set solve package was used with the minimal 

cutset quantification method and a cut set truncation value of 1E-15. For uncertainty 

analyses, the Monte Carlo method was used with 5000 iterations. The fault trees for 

the vented fuel system under normal operation are included in Appendix C.  

4.2.5.2 Accident Condition Fault Trees 
 

Recalling that failure for this analysis is defined as a release of radioactivity 

from the vented fuel system, the fault trees developed for the vented fuel system 

under accident conditions consist of failure modes resulting in leakage from the 

vented fuel system. Likewise, the failure modes of interest include breaches of 

vessels, manifolds and piping and leakage and spurious operation of valves. For 

operational component failure modes, a standard mission time of 24 hours was used.  

The vented fuel system is broken down into three primary fault tree 

components based on their location within the plant and the fission product barriers in 

place to inhibit a release to the environment. A fault tree was developed with the top 

event of release from the vented fuel system from within the primary coolant 

boundary, within the containment boundary, and within the auxiliary building. The 
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decision to divide the system in such a way naturally leads to an easier determination 

of the end state of the system given a specific sequence of failures.  

The primary coolant boundary release fault tree, containment boundary release 

fault tree, auxiliary building release fault tree, and in the case of the LOOP event tree, 

the loss of on-site power fault tree, are the only fault trees directly transferred in to 

the Level 1 event trees. All remaining fault trees consist of constituents of the three 

primary fault trees which were analyzed separately in order to create a more readable 

and manageable model. Recalling that the FPVS consists of the FPTS and the FPRS, 

the FPTS solely consists of piping, manifolds, and valves necessary to transfer the 

purge stream to the retention portion of the system. In contrast, the FPRS consists of 

several modules, both in-service and stand-by, which can be further broken down into 

constituent components. Thus, each in-service and stand-by module of the FPRS is 

analyzed in a distinct fault tree which is individually transferred in to the relevant 

containment or auxiliary building release fault tree, dependent on the location of the 

module.  

The majority of the components of the FPTS are contained within the 

containment boundary, thus the majority of the FPTS is modeled in a single FPTS 

fault tree that is transferred into the containment boundary release fault tree. The 

remaining portion of the FPTS that lies within the primary coolant boundary (seven 

sub-header piping trains) along with the entirety of the fuel system fault tree comprise 

the basic events of the primary coolant boundary release fault tree. The FPVS 

components are subdivided into two groups, those located in containment and those 

located in the auxiliary building. Portions of the FPVS that are located inside the 

containment boundary naturally are included in the containment release fault tree. 

Likewise, components of the FPVS that are located in the auxiliary building are 

included in the auxiliary building release fault tree. Minor modifications to these fault 

trees are necessary for the initiating event of a rupture of the manifold to ensure that 

the failure of the manifold is not counted twice. 

The FPVS is designed to operate on Class 1E emergency backup AC power in 

the event that normal AC power is otherwise unavailable
21

. The EM
2
 emergency 

electrical power architecture is not yet finalized, thus the analysis assumes a similar 
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structure to that of the MHTGR.  The MHTGR emergency power system consists of 

an Uninterruptable Power Supply (UPS) 
23

. The UPS is capable of providing 

emergency power pending the availability of a power supply via several sources as 

well as reliable operation of the various electrical components required to manipulate 

and transfer the power.   The MHTGR UPS is capable of providing power via four 

redundant channels each powered by two redundant buses which are fed from unit 

power, off-site power, battery power, or one of two cross tied backup generators. For 

comparison purposes, the vast majority of the U.S. operating fleet of nuclear power 

plants relies on one of two backup diesel generators to provide backup emergency 

power
81

.  

A station blackout event is defined in 10 CFR 50.2 as a complete loss of 

Alternating Current (AC) electric power to the essential and nonessential switchgear 

buses in a nuclear power plant (i.e., loss of offsite electric power system concurrent 

with turbine trip and unavailability of the onsite ac power system). It was further 

stated that a SBO does not include the loss of available AC power to buses fed by 

station batteries through inverters or by alternate AC
82

. Accordingly, the fault tree 

representative of the loss of on-site power consists of the failure of two safety class 

backup diesel generators, as the failure of emergency battery power is not included 

and is thereby omitted from the loss of on-site power fault tree.   

The SAPHIRE default cut set solve package was used with the minimal cutset 

quantification method and a cut set truncation value of 1E-15. For uncertainty 

analyses, the Monte Carlo method was used with 5000 iterations. The fault trees for 

the vented fuel system under accident conditions are included in Appendix D. 

4.2.6 Level 1 Event Tree Development 

Event trees for this analysis consist of an initiating event, specified in Table 6, 

with subsequent nodes representing a release of fission products from the vented fuel 

system inside the primary coolant boundary, a release from inside the containment 

boundary, and a release inside the auxiliary building, as indicated in Figure 18. 

Furthermore, the event tree for the LOOP initiating event contains an additional node 

immediately following the initiating event representing the loss of on-site power in 
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order to analyze the system under SBO conditions. Physically, a reactor trip follows 

each of the specified initiating events. However, under the stated assumption that all 

supplementary systems operate perfectly, the reactor trip is assumed to have a 100 

percent probability of success, therefore this top event is excluded from the event 

trees. The end state of each sequence consisting of at least one failure of a top event 

results in a radiological release by definition.  Thus, the SFF is the summation of all 

end states resulting in a radiological release.  

 

Figure 18: FPVS Event Tree 

Note that the top events have been specifically divided into failures of the 

vented fuel system within a specified location. As a result, the various end states can 

be further subdivided into categories based on the location of release, representative 

of a specific SDS category. Therefore, the various SDS sequences can be grouped (or 

binned) into SDS frequencies for subsequent accident progression analysis in the 

Level 2 APET. The event trees for the vented fuel system are included in Appendix 

E.  

4.2.7 Level 1 System Damage State Determination 

To proceed in the analysis in a concise manner, it is necessary to assign each 

end state resulting in radioactive release a SDS category. Ideally a detailed analysis of 

the entire system would be performed such that the accident progression would be 
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largely dependent on the initiating event. However, due to the limitations of the 

source term model and limited scope of the present work, it is assumed that all other 

systems operate perfectly. As defined in 10 CFR 50.2, a SBO does not include the 

loss of available AC power to buses fed by station batteries through inverters or by 

alternate AC sources. Therefore, assuming perfect operation of the Class 1E power 

supply, sourced by emergency battery power, the SBO has no effect on the 

availability of power in this analysis. Consequently, it is assumed that the progression 

of the accident is unaffected by the initiating event. 

The organization of system damage states are determined based on the location 

and combination of releases for a given sequence. Since we are interested in the 

safety implications of the system by way of a release of fission products to the 

environment, there is a natural separation of SDSs based on the location of the release 

relative to the location and number of remaining fission product barriers in place. 

Consequently, SDSs have been defined for the various combinations of sequences 

resulting in a release in the Primary Coolant Boundary (PCB), containment boundary, 

auxiliary building, or any combination thereof. For clarity, the SDS categories are 

presented in Table 10.  

Table 10: System Damage State Categories 

# SDS ID SDS Description 

1 PCB-REL Primary coolant boundary release. 

2 CONT-REL Containment release. 

3 AUX-REL Auxiliary building release. 

4 PCB-CONT-REL Primary coolant boundary and containment release. 

5 PCB-AUX-REL Primary coolant boundary and auxiliary building release. 

6 CONT-AUX-REL Containment and auxiliary building release. 

7 PCB-CONT-AUX_REL Primary coolant boundary, containment, and auxiliary building 

release. 

Each SDS category is manually binned in SAPHIRE to calculate the cumulative 

frequency and uncertainty information for each SDS. The SDS frequency is 

transferred into the Level 2 analysis as the initiating event for subsequent accident 

progression analysis. As each SDS is unique, the APET top events for each SDS 

differ slightly in response to the location and type of system failure. To conserve 

information regarding the specific location of the release within the system, split 
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fractions are utilized in the APET to identify the fraction of the time that a release 

occurs between essential component barriers, effecting the source term calculations.   

4.3 Building a Level 2 System Model in SAPHIRE 

The Level 2 model in SAPHIRE analyses the progression of the failure of the 

system to retain fission products by way of incorporating the additional failure modes 

of the vented fuel system and associated systems that have the potential to alter the 

timing or magnitude of the radioactive release. To incorporate these failure modes in 

a SAPHIRE model, an APET was developed. As stated previously, the accident 

progression is dependent on the state of failure of the system. Therefore, a unique 

APET is created for each SDS category in order to address the distinctive challenges 

presented by a given accident scenario. A total of thirteen APETs were developed to 

analyze the accident progression and resulting source term. Although only seven 

SDSs were identified, the APETs for SDS 6 (release in the containment and auxiliary 

building) and SDS 7 (release in the PCB, containment, and auxiliary building) were 

split into four separate trees due their size. The fractional probability of containment 

release for the location of interest for the SDS 6 and SDS 7 APETs is quantified via 

the containment release location top event specific to the APET. A description of the 

APET model and the corresponding SDS is given in Table 11. The Level 2 event 

trees for the vented fuel system are included in Appendix G. 

Table 11: APET Model Descriptions 

# SDS ID SDS Description 

1 APET-1 SDS 1 PCB Release 

2 APET-2 SDS 2 Containment Release 

3 APET-3 SDS 3 Auxiliary Building Release 

4 APET-4 SDS 4 PCB and Containment Release 

5 APET-5 SDS 5 PCB and Auxiliary Release 

6 APET 6-1 SDS 6 Containment and Auxiliary Release (Before HTA) 

7 APET 6-2 SDS 6 Containment and Auxiliary Release (HTA Module) 

8 APET 6-3 SDS 6 Containment and Auxiliary Release (After HTA) 

9 APET 6-4 SDS 6 Containment and Auxiliary Release (HTA Return) 

10 APET 7-1 SDS 7 PCB, Containment, and Auxiliary Release (Before HTA) 

11 APET 7-2 SDS 7 PCB, Containment, and Auxiliary Release (HTA Module) 

12 APET 7-3 SDS 7 PCB, Containment, and Auxiliary Release (After HTA) 

13 APET 7-4 SDS 7 PCB, Containment, and Auxiliary Release (HTA Return) 
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4.3.1 Level 2 Accident Progression Event Tree (APET) Development 

In order to develop an APET it is necessary to understand how the system is 

expected to respond to the various accident sequences. The EM
2
 is designed to 

achieve a stable state following an initiating event by tripping the reactor and 

establishing residual heat removal via the Primary Coolant System (PCS) or Direct 

Reactor Auxiliary Cooling System (DRACS). The shutdown core heat removal 

modes are turbo-compressor coast-down after load shedding, two 100% passive 

cooling loops of the Residual Heat Removal System (RHRS), two 100% forced 

helium circulators, and passive heat removal through the containment liner. In 

addition, the containment is sealed, leak-tight, below grade, and maintained at 20 psig 

(0.14 MPa) with an inert gas
2
. The current containment design does not include 

venting through a filter to relieve over pressurization of the containment, however 

preliminary analysis indicates that this feature is desirable and will likely be 

implemented. It is assumed for this analysis that the containment filter allows filtered 

venting of the containment. The vented fuel system response modes of primary 

interest are isolation status, pressure control, temperature control, and primary coolant 

boundary and containment integrity. 

Following a reactor trip or breach in the FPVS, the FPVS isolation valves are 

automatically initiated via the Reactor Protection System (RPS). Again, it is assumed 

that the RPS operates perfectly, and the failure of the isolation valves lies solely on 

their ability to close. Thus, the first and second nodes of the accident progression 

event tree indicate the successful isolation of the primary coolant boundary and 

containment, respectively.  

The pressure differential driving the fission product purge stream is controlled 

by the motor operated control valve, V-15. The control valve continually maintains a 

slightly negative pressure differential from the primary system to suppress fission 

product counter-diffusion through cracks and pinholes in the cladding
21

. In the event 

of a system depressurization, the control valve is designed to reach pressure 

equilibration within sixty seconds. However, the control valve is located outside the 

primary coolant redundant isolation valves, thus if the primary coolant boundary is 

successfully isolated, this function of the control valve function will be lost. Failure to 
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maintain the pressure differential would result in counter-diffusion of fission products 

through the cladding into the primary coolant. The current system model is not 

capable of accurately modeling the behavior of the fission products that counter 

diffuse incorporating their ability to plateout inside the core and pressure vessel. As 

this failure is more applicable to core analysis and is a limitation of the current system 

model, the effects on the vented fuel system are not further considered.  

The compressor module provides the driving force for the flow through the 

FPVS. In addition, the compressor module functions to raise the helium pressure in 

the purge stream to that needed for return to the primary coolant system helium 

inventory. The compressor module does require power and the effect of a SBO must 

be considered. The FPVS operates using Class 1E power from the electrical system 

and is designed to operate on emergency backup AC power when necessary. As 

stated in 10 CFR 50.2, a SBO does not include the loss of available AC power to 

buses fed by station batteries
82

. Under the assumption that the station batteries 

successfully provide AC power to the backup AC power buses a loss of power to the 

compressor module is not a possible failure mode. Consequently, the failure of the 

compressor module is quantified by unavailability and failure to run or start. A loss of 

purge stream flow would likely increase the temperature a few degrees since the 

purge stream itself provides some cooling via regenerative heat exchangers, possibly 

resulting in failure of a HTA or LTA module to retain trapped fission products
4
. 

However, the effects of a failure of the compressor are inconsequential in the event 

the system is successfully isolated, thereby obstructing the purge stream flow path. 

Thus, the function of the compressor is not of importance under accident conditions 

and is not included in the accident progression analysis.  

Furthermore, the loss of liquid nitrogen cooling to the LTA would clearly 

increase the temperature of the LTA module, resulting in failure of the LTA module 

to retain trapped fission products increasing the quantity of noble gases in the purge 

stream. In addition, the purge stream exiting the LTA modules acts as the heat sink in 

the HTA regenerative heat exchanger prior to return to the primary coolant inventory. 

Therefore, an increase in the temperature of the LTA module will in turn increase the 

temperature of the HTA module, potentially resulting in a release of the contents of 
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both the HTA and LTA. The failure of the liquid nitrogen cooling system is a 

bounding event having the potential to significantly increase the radioactive release 

should the contents of the adsorber beds desorb in response to the temperature 

increase.  

Assuming the liquid nitrogen cooling system is similar to that used in the 

MHTGR, the liquid nitrogen is held at low pressure, flowing by a combined gravity-

thermal siphon effect and vaporizing on the shell side of the heat exchanger
87

. 

Assuming the cryogenic cooling system is representative of systems commercially 

available, the system requires a compressor which consequently requires power. 

Under the stated assumption that Class 1E power is available to the system under all 

accident scenarios for this analysis via the safety class battery power. Thus, the 

failure of the liquid nitrogen cooling system is quantified by unavailability and failure 

to function.  

Intuitively, should the vented fuel system be breached, the operator would 

actively determine the source of the breach and isolate the system components as 

necessary. For instance, if the piping between the HTA module and containment is 

breached, the HTA module outgoing isolation valves and containment isolation 

valves would be closed to prevent the release of additional fission products. Thus, the 

isolation of the HTA and LTA are included as top events.  

Finally, the integrity of both the reactor coolant boundary and the containment 

impact the release and are consequently included as top events in the APETs. In an 

accident scenario, the primary coolant boundary and containment will likely be 

challenged by the success or failure of several other plant systems. As stated 

previously, the present work assumes perfect operation of other systems thereby 

removing dependent failures of associated systems which are not taken into 

consideration in this analysis. Therefore, it is assumed that all primary coolant 

boundary and containment engineered safety systems operate perfectly.  

To further refine the source term information, it is important to understand 

where the breach lies within the containment or auxiliary building. It would be a 

gross overestimate to assume all releases within containment result in a release of the 

entire HTA bed contents or purge stream prior to any treatment. For example the 
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return line, which generally may contain a minute amount of activity, is included in 

the containment release fault. Since the potential release differs at various points 

within the system, it is important to include information regarding the location of the 

release in the APET. Thus, the top events for primary coolant boundary and 

containment release location utilize multiple branches to assign the appropriate 

probability of failure for the various points of interest within the containment and 

auxiliary building which effect the potential source term.  

Finally, in a depressurization event the primary coolant boundary is breached, 

thereby significantly reducing the retention capabilities of the primary coolant 

boundary. It is assumed the LOCA and manifold rupture initiating event sequences 

entail a breach of the primary coolant boundary, whereas the transient and LOOP 

initiating event sequences assume the primary coolant boundary remains intact. This 

information is transferred from the Level 1 results by way of assigning fractional 

values to the primary coolant boundary status top event based on the cut set results 

from the SDS sequences. The output of the APET is a set of STGs and their 

associated frequencies. 

A series of linkage rules, in the form of if-then statements, are utilized to 

quantify multiple branch events for each APET. For example, the containment and 

auxiliary release location top events contain multiple branches representing a release 

before the adsorber module, in the adsorber module, after the adsorber module, and in 

the case of the containment release the return line. This information is required to 

properly identify the resulting release form a given sequence. Furthermore, basic 

event process flags and calculation types were adjusted for each APET top event to 

ensure success (upper branch) events were included in the cut sets, as these successes 

may still lead to a release and require further analysis.    

4.3.2 Selection of APET Top Event Probabilities 

The APET top event failure probabilities are assigned depending on the 

resulting SDS for each system failure sequence. For several SDS analyses, the 

probability is the same for all APETs (i.e., independent of the SDS). Top events are 

assigned probabilities through the use of fault tree analyses and when specific system 
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information is unavailable engineering judgment is exercised in order to assign a 

probability. For top events with insufficient information to assign probabilities 

directly, a probability is based on a verbal descriptor and corresponding likelihood. 

The verbal descriptor is based on information gathered from literature and previous 

studies combined with an understanding of the characteristics of each SDS. The 

assignment of numerical values to verbal descriptors is summarized in Table 12. The 

resulting top event probabilities for the APET are summarized in Table 13.  

Table 12: Numerical Values Assigned to Verbal Descriptors 

Verbal Descriptor Likelihood 

Certain 1.0 

Almost Certain 0.99/0.999 

Likely 0.9 

Intermediate 0.5 

Unlikely 0.1/0.01 

Remotely Possible 0.001 

Impossible 0.0 

Table 13: Accident Progression Event Tree Top Event Probabilities 

Top Event Description Probability 

CONT_REL_LOC 

Release Location from Level 1 fault trees. - 

Before HTA Module 6.30E-01 

HTA Module 1.90E-01 

After HTA Module 4.00E-02 

Return Line 1.40E-01 

AUX_REL_LOC 

Release Location from Level 1 fault trees. - 

Before LTA Module 2.60E-01 

LTA Module 3.00E-01 

After LTA Module 4.40E-01 

PCB_ISO_STATUS Pressure boundary isolation valves closed. Fault Tree 

CONT_ISO_STATUS Containment boundary isolation valves closed. Fault Tree 

LNC_STATUS LTA temperature functional to retain FPs. 7.20E-05 

LTA_ISO LTA module isolation valves closed. Fault Tree 

HTA_ISO HTA module isolation valves closed. Fault Tree 

PCB _STATUS 

Reactor pressure boundary intact. - 

APET-1 SDS 1 1.00E-04 

APET-2 SDS 2 5.58E-02 

APET-3 SDS 3 0.00E+00 

APET-4 SDS 4 5.58E-02 

APET-5 SDS 5 0.00E+00 

APET-6 SDS 6 5.67E-02 

APET-7 SDS 7 6.75E-02 

CONT _STATUS Containment intact. 3.00E-02 
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4.3.3 Selection of Source Term Groups (STGs) 

The end state for each APET sequence is a unique source term group. The 

source term groups are determined based on the location and combination of releases 

for a given sequence, dependent on the location of the failure, type of failure, and the 

ability of the various top events in the APET to successfully constrain the progression 

of the accident sequence. Thus, the source term for each sequence is a combination of 

the estimated activity that could potentially be released (as calculated in the STELLA 

model, see Section 4.4) as well as the appropriate application of attenuation factors 

dependent on the systems response by way of isolation and integrity of the PCB and 

containment boundaries.  

To reduce the number of STGs, a few generalized assumptions were applied in 

determining the source term components. First, it was assumed that the contents of 

the purge stream after the HTA are the same as the contents of the purge stream 

before the LTA. Second, it was assumed that a breach in the FPVS after the LTA 

does not result in a release since the contents of the purge stream after the LTA 

normally should have little to no activity present. Furthermore, if activity was 

introduced into the purge stream as a result of a failure of the LTA, multiple isolation 

valves would coincidently have to fail to result in a release, thus a release is unlikely. 

Finally, it was assumed that a breach in the return lines of the FPVS inside 

containment does not result in a release since the purge stream in the return line 

normally should have little to no activity present and such an event is unlikely.  

Thus, depending on the sequence, the source term may be composed of any 

combination of activity estimates within the FPVS STELLA model, which include 

plateout on the piping in the PCB, the purge stream from the core to the HTA, the 

HTA bed contents, the purge stream from the HTA to the LTA, and the LTA bed 

contents. Furthermore, the application of the attenuation factors for the PCB, 

containment, reactor building, and containment filter are determined by the accident 

progression. In instances where the specific source term component has the potential 

to be released in two or more locations, the more conservative location (fewest fission 

product barriers) is chosen. 
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Due to the large number of STGs possible, IDs rather than names are given to 

each source term group. The STG IDs are composed of combinations of alphabetic 

characters identifying the potential released activity from the STELLA model and the 

attenuation factors to be applied for each sequence.  The STG ID alphabetic 

characters are presented in Table 14. 

Table 14: Source Term Group Character Definitions 

ID Description 

A Source Term: PCB Plateout 

B Source Term: Core to HTA Purge Stream 

C Source Term: HTA 

D Source Term: HTA to LTA Purge Stream 

E Source Term: LTA 

F Attenuation Factor: PCB Intact 

G Attenuation Factor: Containment Filter 

H Attenuation Factor: PCB 

J Attenuation Factor: Containment 

K Attenuation Factor: Reactor Building 

X Auxiliary Building Release Marker: All IDs to the right of the X are assumed 

to release in the auxiliary building with no additional attenuation. 

4.4 Estimating Source Terms using STELLA Model of FPVS 

4.4.1 Producing Source Terms using STELLA Model of FPVS 

Source term estimates are obtained using a system model developed using the 

modeling program STELLA, which solves coupled differential equations describing 

the transport of volatile elements through the vented fuel system. The original 

STELLA model was developed by Wesley Deason and is documented thoroughly in 

his thesis
84

. The graphical interface of the model allows flexibility of input types 

providing the capability of modeling various configurations of the vented fuel system 

representative of a given accident scenario. To validate STELLA, the software was 

used to model the Peach Bottom Helium Purification System for Krypton-85 

production and transport though the reactor plant. The model output matched closely 

to the numbers provided in the Peach Bottom Final Hazards Safety Analysis report 

and allowed for tracking of the radionuclide from birth in the fuel or delay beds to 

decay, confirming its proper use for modeling the representative vented fuel system
4
. 

The immense number of isotopes found in nuclear fuel spans over 37 elements 

from zinc to dysprosium
86

. The low yield of elements at the far edges of this spectrum 

simplifies the model and allows the elements Zn, Ga, Ge, As, Gd, Tb, and Dy to be 



83 

 

 

ignored. Furthermore, the elements in the middle of the double hump fission yield, 

Ag and In, can also be ignored. Of the remaining 28 elements, over half are 

considered nonvolatile or form carbides with relatively high stability and are assumed 

to diffuse negligibly slow through the fuel; these include: Y, Zr, Nb, Mo, Tc, Ru, Rh, 

Pd, Sn, La, Ce, Pr, Nd, and Pm. The remaining 14 elements are assumed to be volatile 

within the helium system and will be released from the fuel. After the final selection, 

a total of 19 elements were chosen to be included in the STELLA model, with a total 

of 88 tracked isotopes and 39 isobars. Despite their previous exclusion, the elements 

Y, In, La, Ce, and Gd are included in the STELLA model due to radioactive daughter 

products resulting from the decay of volatile elements. However, it was determined 

that these four additional species do not contribute appreciably to the fission gas 

release from the fuel. Of the 88 tracked isotopes, Sr-90, Cs-137, Ba-140, I-131, and 

Xe-135 warrant special attention due to safety reasons, their impact on maintenance 

activities, and a large neutron cross section in the case of Xe-135.  

The original STELLA model was updated to reflect the EM
2
 vented fuel system 

as analyzed in the SAPHIRE PRA models. Additionally, the Release over Birth (R/B) 

release curve was updated to reflect the MHTGR R/B model, as opposed to the Peach 

Bottom R/B curve that was previously utilized. The Peach Bottom R/B curve was 

taken from linear accelerator experiments on uncoated (Th,U)C2 fuel particles and 

later multiplied 3-fold for safety calculations. The R/B curve was calculated for a 

specific non-identified temperature for application to the Peach Bottom design; 

furthermore, no burnup corrections nor differences between gas species diffusivities 

is included. This curve was used in the original analysis with sufficient warning that it 

would be important to develop a better calculation of fission gas release in the future. 

Note a reactor power of 500 MWth, equivalent to the EM
2
 design, was assumed for 

all STELLA analyses. 

The more complicated calculation of R/B release for carbide fuel applied to the 

1993 MHTGR model database has been implemented in the revised STELLA 

model
85

. These revised steady state R/B models are based on the Booth model, which 

empirically incorporates the effects of burnup, temperature, and various mechanisms 

affecting fission gas release. Coefficients for R/B calculations were provided for 
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UCO1.6, UCO1.1, ThO2, UC2, and UO2 fuels. Overall, the diffusive behavior of gas 

was reduced to xenon-like and krypton-like behavior. It is assumed that iodine and 

tellurium release is similar to xenon and selenium and bromine release is similar to 

krypton. The general model equation for unhydrolyzed fuel is:  
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Where, 

 = Calculated release rate over birth rate as a function of isotope i 

 = Steady-state fractional release at reference temperature T0 

 = Correction factor based on temperature 

 = Correction factor based on structural changes at high temperature 

 = Temperature (K) 

 = Reference temperature (T0=1373 K) 

 = Reference temperature for high temperature structural correction 

(K) 

 = Reduced diffusion coefficient for element j (ie Xe or Kr) and fuel 

type k (1/s) 

 = Decay constant of isotope I (1/s) 

 = Constant (a=0.5) 

 = Constant for element j (ie Xe or Kr) 

 = Activation energy for steady state fission gas release for element j 

and fuel type k (J/mol) 

 = Ideal gas constant (8.314 J/mol/K) 

 = Constant for fuel type k 
 

Table 15: Parameters for R/B Model Equation 
85

 

 

Parameter 

UCO1.6 UCO1.1 UC2 

Kr Xe Kr Xe Kr Xe 

  1.31E-10
 

1.35E-11 1.62E-10 1.67E-11 1.23E-10 1.26E-11 

  0.073 0.21 0.073 0.21 0.073 0.21 

  53.1 45.2 53.1 45.2 53.1 45.2 

  0.0128 0.0128 0.0133 

  1800 1800 1800 
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The parameters used for equation (11) are included in Table 15. According to 

the original documentation,  is roughly related to the vacancy motion, to 

the athermal release mechanism and overall temperature dependence, and  to the 

high temperature diffusion of gas atoms in grains and any possible bubble diffusion. 

Missing from the above formulation is any burnup dependence. A correction function 

for oxide fuel types was included in the reference documentation, however since the 

focus of the current work is on carbide fuel types, and the model for R/B calculations 

is for oxide fuels, and thus burnup dependence has been removed from equation (11). 

The term depends purely on the decay constant of the isotope of interest, 

varying for fuel type k and isotope behavior j.  is plotted in Figure 19 for 

several fuel types and for Xe and Kr diffusive properties, corresponding to steady 

state R/B values at the reference temperature of 1373 K. In general, the R/B values 

for Kr tend to be an order of magnitude higher than those for Xe. 

 
Figure 19: (R/B)0 Plot for Several Fuel Types for Xe and Kr 

The temperature correction function is not very sensitive to temperature; 

however the exponential behavior of the structure correction function  greatly 

modifies the R/B values at high temperatures, especially for species with small half-

lives. Figure 20 displays the corrected R/B curve calculated from (11). Although the 

correction is included, the  dominates the deviation from . Due to 

differences between fuels in the  coefficients, the corrected R/B curve for UC2 is 

higher than the corresponding UCO curves, opposite the behavior of their respective 

 curves. Due to the  correction, knowledge of the fuel temperature 
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distribution is necessary to accurately estimate R/B. While an average temperature 

would prove easier to incorporate, the exponential behavior of the  makes an 

ordinary volume averaged temperature inappropriate.  

 
Figure 20: Corrected R/B Values Compared to Uncorrected Peach Bottom Curves 

The revised calculated R/B curves for the estimated EM
2
 fuel temperature 

distribution after incorporating the MHTGR model are given in Figure 21 for 

Beginning of Life (BOL) and End of Life (EOL).  

 
Figure 21: R/B Values for EM

2
 Estimated Fuel Temperatures 

The STELLA model design is configured with one hot and one cold fission 

product trap in series, as shown in Figure 22. The hot fission product trap is assumed 

to catch any isotope other than the noble gases Xe and Kr whereas the cold fission 

product trap is assumed to catch everything. The only other place fission products 



87 

 

 

reside, besides the fuel, is in the piping between the fuel and the first hot trap. Plate 

out of Cs, I, and Se can occur on these pipes, and depending on the temperature, 

condensation of other non-noble elements. 

 

Figure 22: Simplified STELLA Model of Vented Fuel System  

The primary coolant temperature can be characterized by an assumed inlet and outlet 

temperature of 550°C and 830°C, respectively, with a peak temperature of 1000°C. 

The temperature of the purge stream however may be handled differently depending 

on the path through which it travels. 

Thus, three principal cases were developed. 

1. The purge stream exits the fuel at 1000°C. Plateout of Cs, I, and Se occurs 

in piping. Purge stream enters hot trap at 1000°C. Trapping of everything 

but Xe and Kr occurs in first hot trap. Purge stream containing only Xe 

and Kr travels to cold trap where Xe and Kr, and their daughters are 

collected. 

2. Purge stream exits the fuel at 1000°C and cools to 550°C. Condensation of 

everything but noble gases and halogens occurs in piping. Plateout of I 

occurs in piping. Purge stream enters hot trap at 550°C. Trapping of 

everything but Xe and Kr occurs in first hot trap. Purge stream containing 

only Xe and Kr travels to cold trap where Xe, Kr, and their daughters are 

collected. 
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3. Same parameters as Case 2 above except reactor shutdown after 3000 

hours. 

Additional cases were developed to identify the fission products present in the 

piping between the core and the HTA and between the HTA and the LTA modules 

during normal operation. The Case 2 model includes condensation in the piping prior 

to the HTA, thereby reducing the contents of the HTA. Similarly, the Case 3 model 

after shutdown would exhibit a decrease in the activity present in the fission product 

traps and purge stream. Furthermore, the piping prior to the HTA module will be 

heated such that limited condensation occurs. Thus, the Case 1 model was chosen as 

the most applicable and conservative system model for the present work.  

The STELLA model results include fission product activity, power, and mass 

accumulation for plateout in the piping within the primary coolant boundary, the 

purge stream contents between the core and the HTA module, the HTA bed contents, 

the purge stream contents between the HTA module and the LTA module, and the 

LTA bed contents. These individual activities are summed as appropriate to 

determine the resulting source term for each of the source term groups identified in 

the Level 2 APET.  

4.4.2 Application of Attenuation Factors 

The STELLA model calculations provide source terms from the vented fuel 

system, however additional fission product barriers, such as the pressure boundary, 

containment, and reactor building, and containment filter are in place that may limit 

the release of radioactivity. Conservatively, the retention capabilities of the auxiliary 

building are ignored in the present work. In order to integrate the retention capability 

of each of these barriers of release to the environment in the source term calculations, 

an attenuation factor is applied. An attenuation factor, also known as a 

Decontamination Factor (DF) or Retention Factor (RF), accounts for the reduction in 

radiation release sourcing from fission product barriers such as vessels, buildings, 

cooling systems, etc. A representative equation of the AF is given in equation (15). 

Furthermore, an example of how the AF is applied to the calculated release data in 
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order to create corrected release data, which is adjusted for the existence of additional 

fission product barriers, is given in equation (16). 

 
Radiation level before attenuation

AF
Radiation level after attenuation

                       (15) 

Calculated Release
Corrected Release

AF
                            (16) 

 

Since the release limits from plants are very stringent, most of the advanced 

containments give credit to decontamination factors for the radionuclides that escape 

the primary containment
83

. For example, in the European Pressurized Reactor (EPR) 

calculations credit is given for a grace period of several hours to the secondary 

containment for collection, deposition, and hold up of fission products leaked through 

the primary containment shell. The Simplified Boiling Water Reactor (SBWR) and 

Advanced PWR (AP-600) calculations adopt the strategy of purely static and passive 

partial secondary envelopes, reasonably tight, in which credit is given for only hold 

up and deposition, and no filtering is available. Unlike LWRs, whose coolant system 

and containment building serve as ultimate barriers to fission product release, the 

MHTGR relies significantly less on the attenuation of the helium pressure boundary 

and reactor building and relies significantly more on retention in the fuel, TRISO 

coatings, and graphite. For advanced gas reactor source term analyses, credit is 

merited in the form of a decontamination factor. A MHTGR source term study 

documents DFs for filters incorporated in the reactor pressure boundary vent line, 

containment vent line, and reactor building vent line
63

.  

A more recent NGNP study documents AFs for the fission product barriers of 

the various proposed NGNP MHTGR designs. The AFs were estimated by an expert 

panel based on HTGR fuel testing results and radionuclide predictions developed for 

previous HTGR designs such as the MHTGR and PBMR
65

. Unlike LWRs, the fission 

product barriers which form the functional containment of the MHTGR include the 

fuel, graphite in the core, helium pressure boundary, and the reactor building. 

Compared to the fuel and graphite in the reactor core, the helium pressure boundary 

and the reactor building play a minor role in overall retention of fission products in a 

MHTGR.  
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Condensable fission products in the helium pressure boundary can plate out on 

cool metallic surfaces and/or interact with dust in the system
66

. Additionally, the HPS 

continually removes impurities and some fission products from a fraction of the 

primary coolant. A small fraction of the helium leaks into the reactor building during 

normal operation, however the majority remain within the primary coolant boundary. 

In a depressurization event, however, the circulating activity in the coolant can be 

transported to the reactor building, thus the retention capabilities of the primary 

coolant boundary decrease dramatically. In the reactor building structure, venting, 

building leakage, condensation, deposition, and settling can influence the magnitude 

and timing of the release.  

The attenuation behavior anticipated in the helium pressure boundary and the 

reactor building differs under dry and wet conditions for a break in the helium 

pressure boundary. In dry conditions, the fission product behavior depends, in the 

short term, on the ability of the shear forces induced by the blowdown associated with 

the break to liftoff fission products. In the longer term following pressure 

equilibration after the blowdown, the fission product behavior is dominated by the 

expansion and contraction of the gas phase as the reactor vessel slowly heats up and 

then cools down, along with potential for density-driven exchange flows between the 

reactor and the cavity. In wet conditions, it is conservative to assume that there is 

sufficient moisture available to wash off all of the plated out fission products. It is 

anticipated that the steam will condense in the much cooler reactor building, thus 

trapping the fission products in the condensate. Overall, the differing behaviors tend 

to result in a slightly greater source term in the wet scenario than in the dry scenario. 

Since the initiating event of water ingress was found to be extremely unlikely and 

henceforth removed from the analysis, the dry conditions will be of primary 

importance. 

The EM
2
 reactor produces 500 MWth and is cooled by helium coolant 

pressurized to 1900 psia (13.1 MPa) with an average core inlet and outlet temperature 

of 500°C and 850°C, respectively
2
. Thus, the NGNP 600 MWth prismatic design with 

a Reactor Outlet Temperature (ROT) of 900°C most closely corresponds to the EM
2
 

reactor design. The estimated AFs are not associated with any specific fission product 
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retention mechanism or leak tightness of the reactor building, rather with the driving 

force to transport the gas through the reactor building to the environment. The short-

term AF estimates are conservative by nature under the strong influence of an early 

depressurization state. 

AFs are estimated for a 50% and 95% upper bound value. The 50% value is the 

median value and the 95% upper bound is the value above which there is a 5% chance 

of exceeding in the case of a one-sided distribution applied to the AFs. Additionally, 

AFs for fission product barriers are assumed to be lognormally distributed with 

median and N-sigma values. The median values will be applied to the source term 

estimates obtained from the STELLA model. The normal operation and short-term 

accident condition attenuation factors for the dry scenario are given in Table 16.  

Table 16: NGNP Dry Scenario Attenuation Factors
66

 

AFs for Dry Scenario – 600 MWth Prismatic 900°C ROT 

Fission Product 

Class 

Normal Operations Depressurization Accident Conditions 

Helium Pressure 

Boundary 

Helium Pressure 

Boundary 
Reactor Building 

Confidence Limit AF 50% AF 95% AF 50% AF 95% AF 50% AF 90% 

Noble gases 1 1 1 1 1 1 

I, Br, Se, Te 1E+6 1E+5 200 20 2 1 

Cs, Rb 1E+6 1E+5 200 20 2 1 

Sr, Ba, Eu 1E+6 1E+5 200 20 2 1 

Ag, Pd 1E+6 1E+5 200 20 2 1 

Sb 1E+6 1E+5 200 20 2 1 

Mo, Ru, Rh, Tc 1E+6 1E+5 200 20 2 1 

La, Ce 1E+6 1E+5 200 20 2 1 

Pu, actinides 1E+6 1E+5 200 20 2 1 

Since the EM
2
 design includes containment in addition to the reactor building, 

an additional attenuation factor is applied to source term sequences where the 

containment barrier remains intact; the attenuation factor is based on the expected 

leak rate of 0.1% per day. In addition to the estimated attenuation of radioactivity 

provided by the pressure boundary and reactor building, the EM
2
 design will likely 

implement vented filters for containment and auxiliary building release pathways as a 

result of preliminary safety analyses performed by GA. To be conservative, the 

auxiliary building filter is not applied in the present work. A NGNP reactor building 

design assessment identified the addition of passive and active filtering for the reactor 

building atmosphere to be essential under limiting accident scenarios to ensure site 
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boundary dose limits are not exceeded and may be used to depressurize the primary 

system and the reactor building
88

.  

Moreover, a GA HTGR source term and containment report examines the 

benefit of providing a filtered release pathway from the reactor building and pressure 

boundary; sand or gravel and packed glass fiber filter mediums are considered to be 

capable to withstand the expected temperatures and to remain suitably inert over a 

long standby period
63

. Generally, the decontamination factor of the filter increases as 

the length of the flow path (filter bed depth) increases and is inversely proportional to 

the flow velocity through the filter bed. The various attenuation factors used in the 

scoping studies of alternative design strategies for reducing off-site exposure are 

given in Table 17, where the options refer to filter types of increasing effectiveness; 

The particulates group includes all remaining nuclides (i.e. anything but noble gases 

and halogens).  

Table 17: HTGR Alternative Design Strategy Attenuation Factors
63

 

HTGR Alternative Design Strategies to Reduce Off-Site Radiation Exposure 

Strategy Description Option 
Decontamination Factors 

Noble Gas Halogens Particulates 

Provide He relief valve 

blowdown filter 

1 1 10 10 

2 1 100 100 

3 1 100 1000 

Provide reactor building flow 

path with filter 

1 1 3 3 

2 1 30 30 

In addition to the attenuation factors applied to the primary coolant boundary, 

containment, reactor building, and containment filter, it is necessary to apply an 

attenuation factor to the event tree sequences resulting in an adsorber bed release. As 

the temperature of the bed increases in response to a loss of cooling, rupture in the 

system, or loss of purge flow, the radioactivity contained in the adsorber bed may 

desorb and be released. The STELLA model is limited in its ability to model 

desorbing radionuclides however an assumption that all adsorber bed activity is 

released in the event of a failure is overly conservative and may lead to a 

misrepresentation of the safety implications of the vented fuel system.  

An analysis of the Peach Bottom vented fuel system was performed for an 

accident involving a rupture in the trapping system which determined that less than 

20% of the activity contained in the trapping system is released
18

. A more detailed 
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model of the FPVS response in such accidents should be developed to address this 

constraint. It is assumed for the present work that a failure of the HTA or LTA 

module results in a release of 25% of the activity contained in the bed. The 

attenuation factors credited in the present work are summarized in Table 18. 

Table 18: Vented Fuel System PRA Attenuation Factors 

Vented Fuel System PRA Attenuation Factors 

Fission Product Barrier 
Decontamination Factors 

Noble Gas Halogens Particulates 

Primary Coolant Boundary  (Intact) 1 1E+06 1E+06 

Containment (Intact) 1 1E+03 1E+03 

Containment Filter Release  1 10 10 

Primary Coolant Boundary   1 200 200 

Reactor Building 1 2 2 

Containment 1 2 2 

HTA/LTA Adsorber Bed Retention 1 4 4 

4.5 Building a Level 3 System Model in GENII 

4.5.1 Building an Atmospheric Transport Model in GENII 

The source term estimates, after applying the appropriate AFs, are used as input 

to the atmospheric dispersion model. In addition, the dispersion model requires 

various other inputs such as release exit area, elevation, medium, and atmospheric 

conditions. The inputs required for the dispersion model are summarized in Table 19. 

Table 19: Atmospheric Dispersion Model Inputs 

Input Value/Selection 

Model Basis Gaussian Plume  

Release Timing Acute 

Scenario Type Far-Field 

Receptor Does Individual
 

Individual Type Maximum Individual 

Transport Pathway Airborne 

Exposure Pathway Inhalation and External (direct shine from plume and ground 

shine deposited material) 

Inventory Radionuclides Source Term Activity (Ci) released over the period specified 

for the plume duration 

X/Q Value NGNP 95
th

 percentile  (Pre-calculated) 

EAB 400 m, 800 m, 1600m, 3200m, 8000m 

Release Type  Point 

Exit Area of Source 0.785 m
2 
(Assumes 1.0 m Diameter Vent/Breach) 

Source Height 0.0 m (Ground-level release) 

Adjacent Structure Height 0.0 m(No building wake effects) 

Source Exit Velocity 0.0 m/s (No momentum effects) 

Source Exit Temperature Texit = Tair = 0°C (Ignore buoyancy effects) 

Ambient Air Temperature Texit = Tair = 0°C (Ignore buoyancy effects) 

End of Intake Period 1 year (Lowest possible entry) 
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Input Value/Selection 

Dose Commitment Period 50 years (Average adult remaining lifetime) 

Period of Time for Soil 

Contamination Exposure  

2 hours 

Period of Time for 

Inhalation Exposure 

2 hours 

Deposition Velocity Default 

Particles: 0.001 m/s 

Iodine: 0.01 m/s 

Noble gases: 0.0 m/s 

Breathing Rate Default 

3.3E-04 m
3
/s 

The timing of the model determines whether an acute or chronic exposure is 

analyzed. Acute exposure refers to exposures over a short period of time (hours to 

days) whereas chronic exposure refers to exposure from routine releases
93

. For this 

analysis, acute exposure is appropriate since we are concerned with an unexpected 

release due to an accident rather than chronic releases due to normal operations, as 

appropriate for modeling accidental releases.  The scenario type for far-field is 

selected as the generally applicable safety analysis scenario type. The receptor dose is 

selected for an individual and the individual type input is selected for maximum 

individual to be conservative. The selected transport pathway is airborne, since the 

atmospheric release is considered to diffuse in the air rather than surface water. The 

exposure pathways include inhalation, direct shine from the plume, and ground shine 

from deposited material; ingestion exposures are not considered.  

The inventory radionuclides are specified for each radionuclide released as 

calculated using the STELLA model and adjusting for attenuation as appropriate in 

units of curies. The inventory of radionuclides source terms are specified as activity 

rates for either a gas (Xe, Kr, and I) or particle. The assumed nonreactive fraction 

applied to the noble and non-noble gases is 1.0 and 0.10, respectively. It is assumed 

that the gas density is 4.0 g/cm
3
, the particle radius is 0.5µm and the density is 3.0 

g/cm
3
.   

Plume rise from momentum and buoyancy effects can result in separation of the 

plume centerline from the ground thereby lowering the plume concentration observed 

at ground level. The input parameters for plume rise calculations are the source exit 

velocity, source exit temperature, and ambient air temperature. The exit velocity 

should be conservatively estimated on the low side. The plume rise from buoyancy 
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effects decrease with increasing ambient air temperature and should consequently be 

conservatively estimated on the high side. Plume rise from buoyancy effects increase 

with increasing effluent temperature, therefore exit temperatures should be 

conservatively estimated on the low side. Since the site location is unidentified, the 

temperatures are not available however buoyant plume rise can be ignored by setting 

the source exit temperature equal to the ambient temperature.  

The cloud of released material undergoes dilution during atmospheric transport 

and diffusion that is characterized by the X/Q value, which represents the time-

integrated concentration at a specific downwind location. GENII allows the use of 

pre-calculated atmospheric dispersion factors (X/Q) as user-defined values for 

converting chronic releases into air concentration or acute release into time-integrated 

air concentration and total deposition. Separate values are needed for gases and 

particles. Two options were considered for the calculation of the representative X/Q 

value. The first was to use the meteorological data from any one representative site 

for a specific period of time readily available. The meteorological data would first 

need to be converted into a form acceptable for use with GENII to provide time 

dependent information regarding wind speed, wind direction, and atmospheric 

stability for calculation of X/Q values in GENII. The other option is to enter user-

defined atmospheric dispersion factors from a pre-calculated source representative of 

the 95
th

 percentile X/Q value. The 95
th

 percentile X/Q value utilized for the NGNP 

scoping analyses is selected for the vented fuel system atmospheric transport model. 

The X/Q values calculated in the NGNP scoping analysis represent an aggregate 

value for 18 representative site locations
92

. Since the specific site is not yet known, 

the generic X/Q value was considered most appropriate. The source height is 

conservatively specified to be ground-level while taking no credit for plume rise 

effects from either momentum or buoyancy. Plumes from elevated discharges can be 

drawn downward and entrained into the wake in the wind field cause by the building 

(building wake). To be conservative, the adjacent structure height is specified to be 

zero for a ground-level release with no initial momentum or buoyancy. 

The end of intake period is the time step for the GENII computer simulations in 

integer years. The intake for an acute release will be much less than one year, 
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however one year is the minimum specification for such a release. When a radioactive 

particle is inhaled, it will cause long-term damage to the body as it remains in the 

body and continues to disintegrate and irradiate organs and tissues; the predicted dose 

from internal exposures over the remaining life of the individual is normally taken to 

be 50 years for adults. Consequently, the dose commitment period is selected to be 50 

years. The period of time for soil contamination exposure is recommended not to 

exceed 8 hours and to ignore prolonged effects such as resuspension. The 

recommended period of time for inhalation exposure is not to exceed 2 hours or 8 

hours for slow developing release scenarios. If the scenario involves a release 

duration that is shorter than 2 hours, the scenario specific release duration should be 

specified instead.  

Furthermore, there are several default parameters preset in GENII. Several of 

which are recommended for safety analysis applications to not be changed except for 

compelling reasons. One such default parameter is the deposition velocity. The 

deposition velocity represents the ratio of the ground surface contamination rate from 

deposition to the contaminant concentration in the plume above. Larger solid particles 

released in a plume will fall to the ground due to gravitational settling while smaller 

particles, and even some gases, will deposit on ground surface elements such as 

vegetation through a variety of processes including chemical, biological, and physical 

interactions. The recommended default deposition velocity for particles is 0.001 m/s, 

for Iodine is 0.01 m/s, and 0.0 m/s for noble gases. These values are reasonable and 

should be generally used for safety analysis applications. The breathing rate should be 

set equal to the default value of 3.3E-04 m
3
/s for acute releases. The inhalation dose 

conversion factors for external radiation should be based on Federal Guidance 

Technical Report 12 (FGR-12) and for internal radiation should be based on FGR-11.  

The model includes several separate modules connected sequentially with one 

another, as indicated in Figure 23. The constituent source term radionuclides are input 

in the Constituent module. Next, the source term isotopic specific activity rate, time-

dependent release rates, and composition (gas or particle) are entered in the User 

Defined module. The atmospheric transport module is selected based on pre-

calculated dispersion and deposition coefficients in the Air Module. The various 
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exposure pathways such as inhalation, external and ingestion are selected in the 

Exposure Pathways module. The specific exposure and age group information is 

selected for the individual pathways in the Intake Module. The method of calculating 

radiation dose and risk is selected in the Health Impacts Module. Finally, the results 

are generated using the Report Generator Module. Additionally, a sensitivity module 

may be added after running all constituent models and connecting the appropriate 

modules together.  

 

Figure 23: GENII Atmospheric Transport Model 

 

5 Results and Discussion 

As discussed in the introductory section, the objective of the present work is to 

determine the possible and probable failure mechanisms of the vented fuel system 

during normal and abnormal operating conditions. To meet this objective, a thorough 

analysis, using the developed PRA models, is presented in the following section. The 

results provide a fundamental foundation for understanding the safety and licensing 

implications of utilizing a vented fuel system which may require further investigation. 

In this section, the results of the Level 1, 2, and 3 PRA analyses are presented and 

discussed. 
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5.1 FPVS Level 1 Results 

The results for the Level 1 PRA for both normal operations and accident 

conditions are given in the following section. The strengths and weaknesses of the 

system may be determined by analyzing the failure frequency, cut sets, importance 

measures, and uncertainty analysis for the various fault trees and event trees.  

Importance measures provide reliability-worth information about basic events 

appearing in the cut sets of a given fault tree. Several importance measures are 

calculated, however only the FV, RRR, and uncertainty are included here. Recall that 

the FV indicates that the factional contributions of the basic event to the minimal cut 

set upper bound. The RRR indicates how much the minimal cut set upper bound 

would decrease if the basic event probability were reduced. Finally, the uncertainty 

importance measure quantifies the contribution of the individual basic event’s 

uncertainty to the total output uncertainty.  

The Monte Carlo sampling approach was used for uncertainty analysis. In this 

approach repeated quantifications are made of the system cut sets using each random 

variable sampled from the basic event uncertainty distributions. A sample size of 

5000 was used for each of the uncertainty analysis runs. In addition to the point 

estimate SFF, the mean, median, 5
th

 percentile, 95
th

 percentile, standard deviation, 

skewness and kurtosis coefficients for each fault tree and event tree are calculated. 

The coefficients of skewness and kurtosis are often used in comparison to the normal 

distribution. Skewness is a measure of the symmetry of the distribution about the 

center point where a value of zero indicates perfect symmetry, negative values 

indicate a long left tail and positive values indicating a long right tail. Kurtosis is a 

measure of whether the data is peaked or flat, where values greater than three are 

more peaked than the normal distribution and values less than three are flatter than 

the normal distribution having more weight in the tails. 

As the information produced in SAPHIRE is rather extensive, tables and graphs 

summarizing the most pertinent results are given here. All remaining results may be 

found in Appendix F. All frequency values presented are in units of inverse years. 
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5.1.1 System Evaluation- Normal Operations 

5.1.1.1 Fault Tree Failure Probability 

The overall reliability of the vented fuel system is summarized by the “Vented 

Fuel System Fail” fault tree. All subsequent fault trees are sub-trees which are 

transferred in to the overall fuel system failure fault tree. The resulting failure 

probabilities and uncertainty for the various normal operation fault tree models are 

given in Table 20 and Figure 24.  

Table 20: Normal Operations: Fault Tree Results 

Fault Tree Point 

Estimate 

Mean Median Standard 

Deviation 

AUX_RELEASE 1.94E-03 1.94E-03 1.76E-03 8.88E-04 

COMP1_FAIL 1.47E-03 1.56E-03 7.43E-04 3.90E-03 

COMP1_RELEASE_FPS 2.16E-04 2.19E-04 1.44E-04 2.59E-04 

COMP2_FAIL 2.44E-02 2.50E-02 1.78E-02 2.98E-02 

COMP2_RELEASE_FPS 1.44E-04 1.44E-04 8.98E-05 2.05E-04 

CONT_RELEASE 1.95E-03 1.95E-03 1.76E-03 8.99E-04 

FPRS_CONT_RELEASE 7.21E-04 7.28E-04 5.93E-04 5.37E-04 

FPRS_FAIL 3.57E-03 3.58E-03 3.35E-03 1.22E-03 

FPTS_BREACH 1.23E-03 1.23E-03 1.06E-03 7.06E-04 

FPTS_FAIL 2.37E-03 2.37E-03 2.16E-03 9.75E-04 

FPTS_RELEASE_FPS 1.23E-03 1.22E-03 1.06E-03 6.75E-04 

FUEL_SYSTEM_FAIL 2.56E-05 2.41E-05 1.06E-05 5.05E-05 

HTA1_FAIL 8.16E-04 8.28E-04 6.90E-04 5.70E-04 

HTA1_RELEASE 4.32E-04 4.29E-04 3.15E-04 4.03E-04 

HTA2_FAIL 5.24E-02 5.24E-02 4.61E-02 2.38E-02 

HTA2_RELEASE_FPS 1.56E-08 1.53E-08 5.24E-09 4.50E-08 

HTA3_FAIL 4.68E-02 4.60E-02 4.03E-02 2.23E-02 

HTA3_RELEASE_FPS 1.56E-08 1.60E-08 5.29E-09 8.62E-08 

LTA_HXR_FAIL 5.76E-04 5.69E-04 4.44E-04 5.15E-04 

LTA_HXR_RELEASE_FPS 5.76E-04 5.68E-04 4.42E-04 4.49E-04 

LTA_MODULES_2OF4 1.27E-06 1.28E-06 8.66E-07 2.78E-06 

LTA1_FAIL 5.04E-04 5.00E-04 3.97E-04 4.19E-04 

LTA1_RELEASE_FPS 2.88E-04 2.85E-04 1.96E-04 3.17E-04 

LTA2_FAIL 5.04E-04 5.10E-04 4.08E-04 5.17E-04 

LTA2_RELEASE_FPS 2.88E-04 2.86E-04 1.93E-04 3.42E-04 

LTA3_FAIL 3.47E-02 3.52E-02 2.84E-02 2.73E-02 

LTA3_RELEASE_FPS 1.44E-04 1.40E-04 7.76E-05 2.08E-04 

LTA4_FAIL 3.47E-02 3.49E-02 2.83E-02 2.49E-02 

LTA4_RELEASE_FPS 1.44E-04 1.41E-04 7.48E-05 2.15E-04 

PCB_ISO_SPO 1.01E-03 1.00E-03 8.52E-04 6.40E-04 

PCB_RELEASE 2.74E-06 2.76E-06 1.74E-06 3.73E-06 

VENTED_FUEL_SYSTEM_FAIL 5.95E-03 5.98E-03 5.70E-03 1.60E-03 
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Figure 24: Normal Operation Fault Tree Results
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The standby modules (HTA 2, HTA 3, LTA 3, LTA 4, and COMP 2) each 

exhibit a relatively large point estimate of failure largely due to the operator failure to 

switch trains, conservatively estimated to be a nominal value of 1.1E-02. This failure 

clearly dominates in the standby modules and should be refined further when operator 

system interactions are more clearly defined. Overall, the failure mechanisms 

resulting in a breach of the system are comparable to the failure mechanisms resulting 

in a functional failure of the module due to unavailability of the module or a 

component failure to perform its function. The fault tree modeling the 2 out of 4 

operating LTA module requirement is a clear outlier with a significantly lower failure 

probability. This makes logical sense as the successful operation of any two of the 4 

modules in place would result in a success; this flexibility increases the reliability of 

the system.  

5.1.1.2 Cut Set Analysis 

A full list of cut set data is impractical to include due the sheer number of cut 

sets generated (reaching well beyond 5,000 for the Vented Fuel System fault tree 

alone). Therefore, a summary of the cut set results is provided here. The failure of the 

system, for this analysis, is defined as a breach in the system or failure of a 

component to perform its function; consequently, there are several cut sets with a 

single component failure contributing largely to the overall probability of failure for 

the various fault trees. Failure modes such as a valve leak, vessel breach, pipe breach, 

unintentional valve closure, etc. require only a single failure leading to a failure of the 

system as a whole, thus the reliability, and consequently quantification of reliability, 

of these components are of greatest importance.  

Spurious operation of the motor operated isolation valves for the primary 

coolant boundary and containment (V-1 through V-14, V-28, V-29, V-60, and V-61), 

spurious operation of the LTA regenerative heat exchanger isolation valves and the 

pressure control valve V-15, and leakage of all valves in contact with the purge 

stream under normal operations contribute equally to the total probability of system 

failure, each holding a 1.21% contribution toward overall system failure. 

Additionally, failure of V-15 to control contributes 1.05%, a plug in the fuel system 
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piping contributes 0.40%, and failure of the in-service compressor coincident with the 

unavailability of the standby compressor via operator failure or valve failure 

contributes 0.22% and 0.12%, respectively. All remaining failure modes contribute 

less than 0.05 %.  

Markedly, the motor operated control valve (V-15) is a single point failure of 

extreme importance. This valve is the only control valve available to maintain the 

pressure differential in the purge stream. Additionally, each of the three 100% FPVS 

trains may be made unavailable by the inadvertent closure of V-15. There are several 

other instances of single point failures due to leakages and failure to remain open 

when necessary, however V-15 is clearly an important component that should be 

evaluated further.  

5.1.1.3 Importance Measures 

A summary of the resulting Fussell-Vesely, Risk Reduction Ratio, and 

uncertainty importance measures for the vented fuel fault tree model is given in Table 

21. The maximum value for each importance measure is presented for the vented fuel 

system fault tree with the corresponding basic event listed directly below. 

Table 21: Normal Operations: Importance Measures (Maximum) 

Fault Tree FV RRR Uncertainty 

Vented Fuel 

System 

1.21E-02 

V-1 to V-14 Leak 

V-1 to V-14 SPO 

V-15 SPO 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 to V-38 Leak 

V-28 to V-33 SPO 

V-40 Leak 

V-42 to V-45 Leak 

V-47 Leak 

V-49 to V-57 Leak 

V-50 to V-53 SPO 

V-59 Leak 

V-60 to V-63 Leak 

V-60 to V-61 SPO 

V-74 Leak 

V-77 Leak 

V-80 Leak 

 

1.01E+00 

V-1 to V-14 Leak 

V-1 to V-14 SPO 

V-15 SPO 

V-15 Control Pressure 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 to V-38 Leak 

V-28 to V-33 SPO 

V-40 Leak 

V-42 to V-45 Leak 

V-47 Leak 

V-49 to V-57 Leak 

V-50 to V-53 SPO 

V-59 Leak 

V-60 to V-63 Leak 

V-60 to V-61 SPO 

V-74 Leak 

V-77 Leak 

V-80 Leak 

1.77E-04 

V-1 to V-14 Leak 

V-1 to V-14 SPO 

V-15 SPO 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 to V-38 Leak 

V-28 to V-33 SPO 

V-40 Leak 

V-42 to V-45 Leak 

V-47 Leak 

V-49 to V-56 Leak 

V-50 to V-53 SPO 

V-60 to V-63 Leak 

V-60 to V-61 SPO 

V-74 Leak 

V-77 Leak 
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As indicated in the importance measures presented here, the failure of the 

valves in the system holds the highest importance. Thus, it is important to refine the 

failure rate data for these components and ensure adequate reliability of the system. 

To improve the reliability of the system, valves with superior reliability could be 

selected. Although testing and maintenance is not included in this analysis due to the 

preliminary nature of the system, reducing the interval between testing of these 

components may also improve the reliability of the system. 

5.1.1.4 Uncertainty Analysis 

In addition to the uncertainty importance measure analysis, which quantifies the 

contribution of the individual basic event’s uncertainty to the total output uncertainty, 

a scoping assessment was performed in which failure rates for basic events of interest 

were increased by an order of magnitude to better understand how the system 

reliability would ultimately change. The spurious operation (SPO) of a motor 

operated valve (MOV), vessel breach, and leak rate of a motor operated valve (MOV) 

and motor operated isolation valve (MOVI) were chosen for this analysis. The 

resulting uncertainty analysis for the vented fuel system fault tree model is given in 

Table 22. 

Table 22: Normal Operations: Uncertainty Analysis 

Fault Tree Nominal 

Probability 

MOV 

SPO 

Vessel 

Breach 

MOV 

Leak 

MOVI 

Leak 

Operator 

Reliability 

Vented Fuel System 5.95E-03 1.12E-02 5.97E-03 2.57E-02 1.88E-02 6.13E-03 

 

As indicated in the table, an increase in the leakage failure rate of the motor 

operated valve clearly has the greatest overall impact on the failure probability of the 

system, significantly increasing the failure frequency. Similarly, the increase in the 

leakage failure rate and spurious operation of the motor operated isolation valve and 

noticeably increase the failure probability. The operator reliability increases the 

failure frequency albeit to a lesser degree. The effects of increasing the vessel breach 

failure rates are relatively insignificant. Logically, these results make sense as the 

large number of valves present in the system contributes to several potential release 

pathways. Similarly, there are fewer vessels in the system that could be breached. The 

spurious operation of any number of motor operated valves in the system could result 
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in the unavailability of a component or entire train, leading to a large overall increase 

in the failure probability. Additionally, operator error has been shown to dominate the 

failure of the standby modules as indicated in the fault tree results, thus we would 

expect an increase. Although the nominal value of operator error is conservative, the 

sensitivity analysis shows that the variation of an order of magnitude of the failure 

probability only slightly increases the overall system failure probability. 

5.1.2 System Evaluation- Accident Conditions 

5.1.2.1 System Failure Probability and Frequency 

The resulting failure probabilities for the various fault tree models are given in 

Table 23 and Figure 25. Note that several of the fault trees are inputs into the three 

main fault trees for a release from the auxiliary building, containment, and primary 

coolant boundary. The three main fault trees, in addition to the fault tree for loss of 

onsite power, are the only fault trees directly transferred into the event trees. All 

subsequent fault trees are transferred in to one of the four main fault tree models.  

Table 23: Accident Conditions: Fault Tree Results 

Fault Tree Point 

Estimate 

Mean Median Standard 

Deviation 

AUX_RELEASE 1.94E-03 1.94E-03 1.75E-03 8.64E-04 

COMP1_RELEASE_FPS 2.16E-04 2.17E-04 1.44E-04 3.17E-04 

COMP2_RELEASE_FPS 1.44E-04 1.40E-04 8.94E-05 1.79E-04 

CONT_RELEASE 1.95E-03 1.94E-03 1.74E-03 9.56E-04 

CONT_RELEASE_MAN 1.95E-03 1.95E-03 1.74E-03 9.26E-04 

FPTS_RELEASE_FPS 1.23E-03 1.21E-03 1.06E-03 7.16E-04 

FPTS_RELEASE_FPS_MAN 1.23E-03 1.22E-03 1.06E-03 6.79E-04 

FUEL_SYSTEM_RELEASE_FPS 1.56E-06 1.57E-06 9.18E-07 2.50E-06 

HTA1_RELEASE 4.32E-04 4.36E-04 3.27E-04 4.08E-04 

HTA2_RELEASE_FPS 1.56E-08 1.62E-08 5.30E-09 5.38E-08 

HTA3_RELEASE_FPS 1.56E-08 1.66E-08 5.20E-09 1.02E-07 

LOSS_OF_ONSITE_POWER 6.82E-03 6.69E-03 5.03E-03 5.70E-03 

LTA1_RELEASE_FPS 2.88E-04 2.89E-04 1.93E-04 3.44E-04 

LTA2_RELEASE_FPS 2.88E-04 2.93E-04 1.96E-04 4.31E-04 

LTA3_RELEASE_FPS 1.44E-04 1.46E-04 7.68E-05 2.49E-04 

LTA4_RELEASE_FPS 1.44E-04 1.44E-04 7.57E-05 2.11E-04 

LTA_HXR_RELEASE_FPS 5.76E-04 5.67E-04 4.53E-04 4.57E-04 

PCB_RELEASE 2.74E-06 2.76E-06 1.73E-06 3.91E-06 

A release in containment is estimated as more probable than a release in the 

auxiliary building or primary coolant boundary. Logically, we expect the failure 

frequency to be larger for a release in the containment and auxiliary building in 
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comparison to the primary coolant boundary due to the fact the majority of the vented 

fuel system is located in those two regions. Likewise, we expect the failure frequency 

within containment to be larger than that for the auxiliary building largely due to the 

numerous pathways for failure stemming from the large number of valves and piping 

located within containment. However, the failure frequencies are relatively similar, 

likely due the large number of valves and piping also located within the auxiliary 

building. 

On an individual system level, the compressor modules and in-service HTA 

module (HTA 1) have the largest failure frequencies. In contrast, the stand-by HTA 

modules (HTA 2 and HTA 3) have the lowest failure frequencies. This is expected as 

the failure here is defined as a release from the system, thus the more avenues through 

which radioactive material may be released, the larger the probability. By definition, 

stand-by modules have fewer opportunities for failure since a release of radioactive 

material from the vessel would first require a failure of the module isolation valves on 

either side. The compressor modules only have one isolation valve on the incoming 

side, thus a single valve failure could introduce purge stream gas into the stand-by 

module; in contrast two isolation valve failures are required of all other stand-by 

modules in the system. Similarly, a release from either of the standby HTA modules 

is least likely since this would require a breach of the train isolation valves and 

module isolation valves. Fortunately, should a release occur from a HTA module, the 

containment boundary will reduce the risk of any release to the environment. 

Furthermore, the purge stream entering the compressor module has already been 

treated, having already passed through the HTA and LTA modules which remove the 

vast majority of fission products under normal operating conditions.  
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Figure 25: Accident Condition Fault Tree Results



107 

 

 

The resulting event tree failure frequencies for the various event tree models are 

given in Table 24 through Table 27. Note that the probability truncation was set to 

1.00E-15, thus the results in the following tables displaying a point estimate of 

0.00E+00 fall below this cut off value and are assumed to be zero in the 

quantification of overall system failure frequency. A graphical summary of the event 

tree results is given in Figure 26. 

Table 24: LOCA Event Tree Results 

Sequence ID End State 

Point 

Estimate 

(Per Year) 

Mean 

(Per Year) 

Median 

(Per Year) 

Standard 

Deviation 

(Per Year) 

Total N/A 3.90E-07 3.95E-07 1.39E-07 9.48E-07 

LOCA:2 AUX-REL 1.94E-07 1.88E-07 6.79E-08 4.67E-07 

LOCA:3 CONT-REL 1.95E-07 1.99E-07 6.82E-08 4.59E-07 

LOCA:4 AUX-CONT-REL 3.79E-10 3.99E-10 1.20E-10 1.45E-09 

LOCA:5 PCB-REL 2.74E-10 2.45E-10 6.36E-11 7.63E-10 

LOCA:6 PCB-AUX-REL 5.33E-13 5.79E-13 1.23E-13 2.76E-12 

LOCA:7 PCB-CONT-REL 5.33E-13 5.53E-13 1.22E-13 2.40E-12 

LOCA:8 PCB-CONT-AUX-REL 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

 

Table 25: Manifold Rupture Event Tree Results 

Sequence ID End State 

Point 

Estimate 

(Per Year) 

Mean 

(Per Year) 

Median 

(Per Year) 

Standard 

Deviation 

(Per Year) 

Total N/A 8.79E-05 9.05E-05 3.21E-05 2.78E-04 
RUPTURE:1 CONT-REL 8.76E-05 8.51E-05 3.36E-05 1.83E-04 
RUPTURE:2 AUX-REL 1.70E-07 1.70E-07 5.91E-08 4.42E-07 
RUPTURE:3 CONT-REL 1.71E-07 1.71E-07 5.84E-08 4.25E-07 
RUPTURE:4 AUX-CONT-REL 3.32E-10 2.98E-10 1.05E-10 7.01E-10 
RUPTURE:5 PCB-REL 2.40E-10 2.28E-10 5.88E-11 8.61E-10 
RUPTURE:6 PCB-AUX-REL 4.67E-13 4.79E-13 1.11E-13 1.59E-12 
RUPTURE:7 PCB-CONT-REL 4.67E-13 4.35E-13 1.07E-13 1.86E-12 
RUPTURE:8 PCB-CONT-AUX-REL 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

 

Table 26: Transient Event Tree Results 

Sequence ID End State 

Point 

Estimate 

(Per Year) 

Mean 

(Per Year) 

Median 

(Per Year) 

Standard 

Deviation 

(Per Year) 

Total N/A 2.73E-03 2.69E-03 9.67E-04 6.49E-03 

TRANSIENT:2 AUX-REL 1.36E-03 1.31E-03 4.61E-04 3.47E-03 

TRANSIENT:3 CONT-REL 1.36E-03 1.38E-03 4.86E-04 3.28E-03 

TRANSIENT:4 AUX-CONT-REL 2.65E-06 2.83E-06 8.86E-07 9.46E-06 

TRANSIENT:5 PCB-REL 1.92E-06 1.97E-06 4.54E-07 8.77E-06 

TRANSIENT:6 PCB-AUX-REL 3.73E-09 3.47E-09 8.61E-10 9.92E-09 

TRANSIENT:7 PCB-CONT-REL 3.74E-09 4.22E-09 8.23E-10 4.56E-08 

TRANSIENT:8 PCB-CONT-AUX-REL 6.57E-12 5.84E-12 1.20E-12 2.05E-11 
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Table 27: SBO Event Tree Results 

Sequence ID 
End State Point 

Estimate 

(Per Year) 
Mean 

(Per Year) 
Median 

(Per Year) 

Standard 

Deviation 

(Per Year) 

Total N/A 2.41E-04 2.41E-04 1.83E-04 2.00E-04 

SBO:02 AUX-REL 1.19E-04 1.17E-04 8.70E-05 1.08E-04 

SBO:03 CONT-REL 1.20E-04 1.19E-04 8.80E-05 1.06E-04 

SBO:04 CONT-AUX-REL 2.33E-07 2.36E-07 1.57E-07 2.98E-07 

SBO:05 PCB-REL 1.68E-07 1.71E-07 8.68E-08 3.05E-07 

SBO:06 PCB-AUX-REL 3.27E-10 3.30E-10 1.59E-10 6.57E-10 

SBO:07 PCB-CONT-REL 3.28E-10 3.44E-10 1.56E-10 8.15E-10 

SBO:08 PCB-CONT-AUX 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

SBO:10 AUX-REL 8.17E-07 8.00E-07 4.57E-07 1.12E-06 

SBO:11 CONT-REL 8.18E-07 8.09E-07 4.42E-07 1.23E-06 

SBO:12 CONT-AUX-REL 1.59E-09 1.56E-09 7.96E-10 2.56E-09 

SBO:13 PCB-REL 1.15E-09 1.10E-09 4.42E-10 2.17E-09 

SBO:14 PCB-AUX-REL 2.08E-12 2.13E-12 6.85E-13 8.31E-12 

SBO:15 PCB-CONT-REL 2.08E-12 1.99E-12 6.80E-13 4.84E-12 

SBO:16 PCB-CONT-AUX-REL 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

The system failure frequency is the summation of the sequences of a given 

event tree resulting in a system failure, defined here as a release of fission products. 

The resulting system failure frequencies for the various event tree models are 

summarized in Table 28, given in units of inverse years. For example, it is estimated 

that there are 3.90E-07 occurrences per year that a LOCA will lead to a failure of the 

vented fuel system, releasing radioactive material from the vented fuel system. The 

SFF uncertainty is represented by a confidence interval where the 95
th

 percentile 

value represents the value at which 95% of the distribution is less than or equal to, 

thereby representing an upper bound value. Similarly, the 5
th

 percentile value 

represents the value at which 5% of the distribution is less than or equal to, thereby 

representing a lower bound value. 

Table 28: System Failure Frequency 

Initiating Event System Failure 

Frequency 

(Per Year) 

5
th

  

Percentile 

(Per Year) 

95
th

  

Percentile 

(Per Year) 

LOCA 3.90E-07 1.34E-08 1.47E-06 

LOOP 2.41E-04 5.62E-05 6.18E-04 

Transient 2.73E-03 9.33E-05 1.04E-02 

Rupture in FPVS Manifold 8.79E-05 3.27E-06 3.08E-04 

Total 3.06E-03 3.10E-04 1.04E-02 
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Figure 26: Accident Condition Event Tree Results
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The range of system failure frequencies stem primarily from the large range of 

initiating event frequency values, as indicated in the importance measures which will 

be discussed further in the next section. Similarly, the event trees for each event 

contain the same input probabilities (with the exception of the minor changes 

necessary for the rupture in the FPVS manifold initiating event) for the nodes related 

to the vented fuel system. Thus, the primary differences in the results are directly 

attributed to the initiating event frequency, and in the case of the LOOP analysis the 

loss of on-site power required for an SBO analysis. The calculated SFF values are all 

relatively small, however large enough to merit further analysis.  

5.1.2.2 Cut Set Analysis 

A full list of cut set data is impractical to include here due to the sheer number 

of cut sets generated (reaching well beyond 11,000 for the SBO event tree alone). 

Therefore, a summary of the cut set results is provided here. By definition of a failure 

of the system being a release of radiation, there are several cut sets with a single 

component failure contributing largely to the overall probability of failure for the 

various fault trees. The largest contributor to the overall failure probability for the 

primary coolant boundary release fault tree is a failure of the 7 FPTS sub-header 

pipes, contributing 43.2%. The containment release fault tree dominant cut sets are 

valve leaks for all valves in contact with the purge stream under normal operations, 

each equally contributing 3.7% to the total failure probability; all remaining cut sets 

contribute 0.12% or less.  

Similarly, the leakage of all valves in contact with the purge stream under 

normal conditions are the dominant cut sets for the auxiliary building release fault 

tree, each equally contributing 3.7%; all remaining cut sets contribute 0.02% or less. 

For the LOCA, SBO, and transient event trees a valve leak failure is clearly the 

dominant contributor to the overall failure frequency. The manifold rupture event tree 

differs of course due to the initiating event being a rupture of the system, thus the 

initiating event itself contributes 99.6% to the failure frequency. Failure modes such 

as a valve leak, vessel breach, pipe breach, manifold breach, etc. require only a single 

failure leading to a failure of the system, thus the reliability, and consequently 
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quantification of reliability, of these components are of greatest importance. As 

indicated in these results, it is essential to refine the reliability analysis of the various 

valves in the system as they contribute greatly to the overall probability of failure of 

the system. 

5.1.2.3 Importance Measures 

A summary of the resulting FV, RRR, and uncertainty importance measures for 

the various fault tree models are given in Table 29. The maximum value for each 

importance measure is presented for each of the four main fault trees and event trees 

with the corresponding basic event(s) or top event(s) listed directly below. 

Table 29: Accident Conditions: Importance Measures (Maximum) 

Fault/Event Tree FV RRR Uncertainty 

Primary Coolant 

Boundary Release 

4.32E-01 

7 Sub-headers 

1.76E+00 

7 Sub-headers 

2.92-06 

7 Sub-headers 

Containment Release 

3.70E-02 

V-1 to V-14 Leak 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 Leak 

V-61to V-63 Leak 

V-74 Leak 

V-77 Leak 

V-80 Leak 

1.04E+00 

V-1 to V-14 Leak 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 Leak 

V-61to V-63 Leak 

V-74 Leak 

V-77 Leak 

V-80 Leak 

1.77E-04 

V-1 to V-14 Leak 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 Leak 

V-61to V-63 Leak 

V-74 Leak 

V-77 Leak 

V-80 Leak 

Containment Release 

(Rupture in Manifold) 

3.70E-02 

V-1 to V-14 Leak 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 Leak 

V-61to V-63 Leak 

V-74 Leak 

V-77 Leak 

V-80 Leak 

1.04E+00 

V-1 to V-14 Leak 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 Leak 

V-61to V-63 Leak 

V-74 Leak 

V-77 Leak 

V-80 Leak 

1.77E-04 

V-1 to V-14 Leak 

V-16 to V-19 Leak 

V-22 to V-23 Leak 

V-28 Leak 

V-61to V-63 Leak 

V-74 Leak 

V-77 Leak 

V-80 Leak 

Auxiliary Building 

Release 

3.70E-02 

V-29 to V-38 Leak 

V-40 Leak 

V-42 to V-45 Leak 

V-47 Leak 

V-49 to V-57 Leak 

V-59 to V-60 Leak 

1.04E+00 

V-29 to V-38 Leak 

V-40 Leak 

V-42 to V-45 Leak 

V-47 Leak 

V-49 to V-57 Leak 

V-59 to V-60 Leak 

1.77E-04 

V-29 to V-38 Leak 

V-40 Leak 

V-42 to V-45 Leak 

V-47 Leak 

V-49 to V-57 Leak 

V-59 to V-60 Leak  

LOCA 
1.00E+00 

IE-LOCA 

1.90E+38 

IE -LCOA 

9.61E-07 

IE -LCOA 

Rupture in Manifold 
1.00E+00 

IE-Rupture 

1.90E+38 

IE-Rupture 

2.16E-04 

IE-Rupture 

SBO 
1.00E+00 

IE-LOOP 

1.90E+38 

IE -LOOP 

1.80E-04 

IE -LOOP 

Transient 
1.00E+00 

IE-Transient 

1.90E+38 

IE -Transient 

6.73E-03 

IE -Transient 
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As stated previously, the initiating event frequency is of high importance for the 

event tree calculations, as indicated by the FV and RRR, and uncertainty importance 

measures, having the ability to drastically increase or reduce the calculated SFF. The 

values for the maximum RRR importance measures for the event trees are extremely 

large as a direct consequence of the RRR equation used in SAPHIRE. The RRR is 

calculated by dividing the nominal minimal cut set upper bound by the calculated 

minimal cut set upper bound value after setting the basic event of interest to zero. 

Since the basic event of interest for the event trees is the initiating events, the RRR 

calculation essentially divides the nominal minimal cut set upper bound by zero, 

resulting in an excessively large value. 

In regards to the four primary fault trees, the importance measures are 

dominated primarily by valve leakage failures of motor operated valves, with the 

exception of the sub-header piping in the case of the primary coolant boundary 

release fault tree, which consists of mostly pipe breach failures. Thus, the reliability 

of the motor operated valves is of utmost importance to ensure safe and reliable 

operation of the vented fuel system. Furthermore, accurate failure rate data for these 

components is of greatest importance to ensure accurate quantification of the 

reliability of the system.  

5.1.2.4 Uncertainty Analysis 

In addition to the uncertainty importance measure analysis, which quantifies the 

contribution of the individual basic event’s uncertainty to the total output uncertainty, 

a scoping assessment was performed in which failure rates for basic events of interest 

were increased by an order of magnitude to better understand how the individual fault 

tree failure probabilities and overall SFF would ultimately change. The SPO of a 

MOV, vessel breach, and leak rate of a MOV and MOVI, and human reliability were 

chosen for this analysis. The results are given in Table 30, Table 31 and Figure 27.  

Table 30: System Failure Probability Uncertainty 

Fault Tree Nominal 

Probability 

MOV 

SPO 

Vessel 

Breach 

MOV 

Leak 

MOVI 

Leak 

HRA 

AUX_RELEASE 1.94E-03 1.94E-03 1.95E-03 1.67E-02 3.24E-03 1.94E-03 

CONT_RELEASE 1.95E-03 1.95E-03 1.95E-03 7.11E-03 1.35E-02 1.95E-03 

PCB_RELEASE 2.74E-06 2.74E-06 4.90E-06 2.74E-06 2.74E-06 2.74E-06 
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Table 31: System Failure Frequency Uncertainty 

Event Tree Nominal 

Frequency 

(Per Year) 

MOV 

SPO 

(Per Year) 

Vessel 

Breach 

(Per Year) 

MOV 

Leak 

(Per Year) 

MOVI 

Leak 

(Per Year) 

HRA 

(Per Year) 

LOCA 3.90E-07 3.90E-07 3.91E-07 2.39E-06 1.68E-06 3.90E-07 

LOOP 2.41E-04 2.41E-04 2.42E-04 1.48E-03 1.04E-03 2.41E-04 

Transient 2.73E-03 2.73E-03 2.74E-03 1.68E-02 1.18E-02 2.73E-03 

Rupture 8.79E-05 8.79E-05 8.79E-05 8.97E-05 8.91E-05 8.79E-05 

Total 3.06E-03 3.06E-03 3.07E-03 1.84E-02 1.29E-02 3.06E-03 

 

 

Figure 27: Accident Condition Event Tree Uncertainty Analysis 

As indicated in the table, an increase in the leakage failure rate of the motor 

operated valve clearly has the greatest overall impact on the SFF, significantly 

increasing the failure frequency. Similarly, the increase in the leakage failure rate of 

the motor operated isolation valve noticeably increases the failure frequency albeit to 

a lesser degree. The effects of increasing the vessel breach and motor operated valve 

spurious operation, and HRA failure rates are relatively insignificant. Logically, these 

results make sense as the large number of valves present in the system contributes to 

several potential release pathways. Similarly, there are fewer vessels in the system 

that could be breached and fewer yet motor operated valves whose spurious operation 

or operator error would lead to a leakage since an additional failure would be 

required.  Moreover, the event tree for the rupture in the FPVS manifold does not 

display the same overall trend as the remainder of the event trees. This is likely due to 
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the dominant nature of the initiating event itself being a rupture of the manifold 

within the FPVS, thus the effect of an increase in the failure rate of any subsidiary 

component is overshadowed. 

5.1.3 System Damage States 

To proceed with the Level 2 analysis, the end states of the Level 1 accident 

condition fault trees were binned into System Damage State groups of similar failure 

modes. Each SDS group is transferred as the initiating event for the Level 2 APETs. 

Thus, initiating events were created for each SDS group assuming a lognormal 

distribution utilizing the calculated failure frequency and uncertainty results from 

Level 1. The EF is calculated by taking the square root of the ratio of the 95th 

percentile to the 5th percentile. The results are summarized in Table 32. 

Table 32: System Damage State Results 

Description SDS ID Frequency 

(Per Year) 

Error 

Factor 

PCB-REL SDS 1 2.09E-06 12.78 

CONT-REL SDS 2 1.57E-03 8.15 

AUX-REL SDS 3 1.48E-03 8.68 

PCB-CONT-REL SDS4 4.30E-09 11.45 

PCB-AUX-REL SDS 5 4.06E-09 13.55 

CONT-AUX-REL SDS 6 3.06E-06 8.91 

PCB-CONT-AUX-REL SDS 7 7.04E-12 15.78 

According to these results an estimated 2.09E-06 occurrences per year 

radioactive material will be released from the vented fuel system within the primary 

coolant boundary. The estimated number of occurrences per year radioactive material 

is released from the vented fuel system within the primary coolant boundary, 

containment, and auxiliary building concurrently is extremely small and the least 

likely of all system damage states considered, as expected due to the large number of 

component failures required. In contrast, the estimated number of occurrences per 

year that radioactive material is released from the vented fuel system within 

containment or within the auxiliary building is larger, as expected due to the majority 

of the FPVS being located in either of those two locations.  
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5.2 FPVS Level 2 Results 

5.2.1 Accident Progression Event Tree Results 

The results for the Level 2 PRA are given in the following section. The 

strengths and weaknesses of the system response under accident conditions may be 

determined by analyzing the failure frequency, cut sets, importance measures, and 

uncertainty analysis for the various event trees. The Monte Carlo sampling approach 

was used for uncertainty analysis with a sample size of 5000. All frequency values 

presented are in units of inverse years. A truncation value of 1.00E-15 was used to 

reduce the resulting source term groups. 

5.2.1.1 Source Term Group Frequency 

The resulting release frequency for each APET is not included here as the 

values are identical to the SDS frequency that acts as the initiating event for each 

SDS specific APET. Nonetheless, the results can be used to validate proper utilization 

of the logic in SAPHIRE for partitioning the various accident progression sequences 

into source term groups. Although some of these sequences do not result in a release 

to the environment, the sum of source term group frequencies (including no release) 

should equal the sum of the SDS release frequency; inspection of the APET results 

indicate proper partitioning of the source term groups. The resulting release 

frequencies from the various APET models are given in Table 33 for the source term 

groups with an estimated release frequency larger than 1.00E-10.  

Table 33: Source Term Group Release Frequencies 

Source Term Group ID Release 

Frequency 

(Per Year) 

5
th

  

Percentile 

(Per Year) 

95
th

  

Percentile 

(Per Year) 

BGJK 9.60E-04 5.46E-05 3.63E-03 

DE 4.44E-04 2.25E-05 1.58E-03 

D 3.85E-04 1.80E-05 1.41E-03 

BCGJK 2.90E-04 1.64E-05 1.00E-03 

DGJK 6.09E-05 3.39E-06 2.29E-04 

BJK 2.97E-05 1.56E-06 1.13E-04 

BCJK 8.96E-06 4.96E-07 3.27E-05 

ABFGHJK 2.03E-06 5.29E-08 7.84E-06 

DJK 1.94E-06 1.30E-07 6.49E-06 

BGJKXDE 5.61E-07 2.66E-08 2.13E-06 

BGJKXD 4.86E-07 2.31E-08 1.64E-06 

BCGJKXDE 1.69E-07 8.05E-09 5.98E-07 
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Source Term Group ID Release 

Frequency 

(Per Year) 

5
th

  

Percentile 

(Per Year) 

95
th

  

Percentile 

(Per Year) 

BCGJKXD 1.47E-07 7.08E-09 5.56E-07 

ABFHJK 6.28E-08 1.51E-09 2.20E-07 

BJKXDE 1.74E-08 7.88E-10 6.21E-08 

BJKXD 1.50E-08 7.17E-10 5.54E-08 

BCJKXDE 5.23E-09 2.36E-10 1.98E-08 

BCJKXD 4.54E-09 2.08E-10 1.70E-08 

ABFGHJKXDE 1.18E-09 2.58E-11 4.26E-09 

ABFGHJKXD 1.03E-09 2.38E-11 3.85E-09 

ABCFGHJK 7.49E-10 2.17E-11 2.80E-09 

ABGHJK 4.50E-10 5.48E-11 1.35E-09 

ABDFGHJK 1.58E-10 4.50E-12 5.99E-10 

 

The resulting release frequencies of primary interest are the higher frequency 

releases including source term components from the HTA module or LTA module 

(Source Term IDs C and E, respectively). Additionally, of particular concern are the 

source term groups which include source term components from the adsorber 

modules and do not benefit from attenuation via fission product barriers (Source 

Term IDs F, G, H, J, and K). It is important to note that the cumulative SFF from the 

Level 1 results was 3.06E-03 in smaller in comparison to the cumulative Level 2 STG 

frequency of 2.18E-03; consequently, it can be stated that about 70% of the releases 

from the vented fuel system result in an environmental release. This stems from the 

assumption that a release in the system after the LTA module or in the HTA return 

line does not contribute to a release of radioactivity due to the multiple isolation 

mechanisms available and the expected low level of radioactivity at this point within 

the system.  

The release frequencies for all source term groups greater than the 1.00E-15 

truncation threshold are given in Figure 28 in descending order. The majority of the 

source term group frequencies exhibit a plateau like trend which physically 

corresponds to the unlikely failure of a fission product barrier affecting the retention 

capabilities. For example, the source term ID ABFGHJKXDE represents a release 

from the primary coolant boundary and the purge stream before the HTA module in 

containment with the primary coolant boundary intact, containment intact, and 

attenuation from the PCB, containment, and reactor building. The XDE portion 

represents an additional release from within the auxiliary building of the purge stream 
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contents before the LTA module in addition to the LTA module contents. Failure of 

any one of these fission product barriers, while unlikely (as indicated in the small 

decrease in frequency) results in allocation to a source term group with identical 

contents with the exception of the removal of the failed fission product barrier; for 

instance, if the containment failed the representative attenuation factor ID G would be 

removed and the source term ID would be ABFHJKXDE. 
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Figure 28: Accident Progression Event Tree Results
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5.2.1.2 Cut Set Analysis 

A full list of cut set data is impractical to include here due to the vast number of 

cut sets generated. Therefore, a summary of the cut set results is provided. The largest 

contributor to the overall APET sequences is a release from within the containment 

(SDS 2) before the HTA module with successful isolation of the PCB and 

containment and intact liquid nitrogen cooling and containment boundary, 

contributing 31%. The second largest contributor, 21.3%, stems from a release form 

within the auxiliary building downstream of the LTA. As stated previously, it is 

assumed a release downstream of the LTA does not result in a release due to the large 

number of isolation valves available to mitigate the release. Likewise, the same 

assumption is applied to releases from the HTA return line, which contributes 7.17% 

to the overall APET frequency. These two sequences alone are primarily responsible 

for the roughly 30% of SFF sequences that do not result in a release to the 

environment. Furthermore, the cut sets reveal a release in the auxiliary building (SDS 

3) and in the containment building (SDS 2) to be a major contributors to release, 

resulting in 48.4% and 51.2% of the releases, respectively. Consequently, all other 

SDSs have a much lesser impact on the overall outcome. 

5.2.1.3 Importance Measures 

A summary of the resulting Fussell-Vesely, Risk Reduction Ratio, and 

uncertainty importance measures for the various fault tree models are given in Table 

34. The maximum value for each importance measure is presented for each of the 

accident progression event trees with the corresponding top event(s) listed directly 

below. 

Table 34: Accident Progression: Importance Measures (Maximum) 

Event Tree FV RRR Uncertainty 

APET-1 
1.00E+00 

INIT-SDS-1 

1.90E+38 

INIT-SDS-1 

6.42E-06 

INIT-SDS-1 

APET-2 
1.00E+00 

INIT-SDS-2 

1.90E+38 

INIT-SDS-2 

2.63E-03 

INIT-SDS-2 

APET-3 
1.00E+00 

INIT-SDS-3 

1.90E+38 

INIT-SDS-3 

2.63E-03 

INIT-SDS-3 

APET-4 
1.00E+00 

INIT-SDS-4 

1.90E+38 

INIT-SDS-4 

8.88E-09 

INIT-SDS-4 

APET-5 
1.00E+00 

INIT-SDS-5 

1.90E+38 

INIT-SDS-5 

9.63E-09 

INIT-SDS-5 
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Event Tree FV RRR Uncertainty 

APET-6-1 
1.00E+00 

INIT-SDS-6 

1.90E+38 

INIT-SDS-6 

4.65E-06 

INIT-SDS-6 

APET-6-2 
1.00E+00 

INIT-SDS-6 

1.90E+38 

INIT-SDS-6 

4.69E-06 

INIT-SDS-6 

APET-6-3 
1.00E+00 

INIT-SDS-6 

1.90E+38 

INIT-SDS-6 

4.49E-06 

INIT-SDS-6 

APET-6-4 
1.00E+00 

INIT-SDS-6 

1.90E+38 

INIT-SDS-6 

5.93E-06 

INIT-SDS-6 

APET-7-1 
1.00E+00 

INIT-SDS-7 

1.90E+38 

INIT-SDS-7 

1.91E-11 

INIT-SDS-7 

APET-7-2 
1.00E+00 

INIT-SDS-7 

1.90E+38 

INIT-SDS-7 

2.35E-11 

INIT-SDS-7 

APET-8-3 
1.00E+00 

INIT-SDS-7 

1.90E+38 

INIT-SDS-7 

2.68E-11 

INIT-SDS-7 

APET-7-4 
1.00E+00 

INIT-SDS-7 

1.90E+38 

INIT-SDS-7 

2.45E-11 

INIT-SDS-7 

As indicated in the results, the initiating event frequencies for each SDS input 

to the APET are of greatest importance. Although this is expected, it doesn’t provide 

much insight into the importance of the elements of the APET with the largest overall 

impact. Generally, the importance measures for the second largest top event are 

related to the release location within the containment or auxiliary building. Since the 

APET for SDS 1, a release in the primary coolant boundary does not include these top 

events the second largest top event importance measures correspond to the 

containment status. 

5.2.2 Source Term Estimation Results 

The large number of source term combinations possible precludes the 

possibility of including each isotopic specific source term here. However, a 

summation of released activity for each source term group with a release frequency 

larger than the 1.00E-10 cut off value are provided in Table 35. Recalling that the 

R/B values differ for BOL and EOL, both values are provided for comparison. For 

additional reference, the bounding source term value, assuming a release from all 

FPVS source term components with no attenuation, is also provided in Table 35.  The 

estimated isotopic specific source term components for Case 1, before applying the 

appropriate AFs, are summarized in APPENDIX H.  In addition, the isotopic specific 

source term after applying the appropriate AFs for the source term groups with a 
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release frequency larger than the 1.00E-10 cut off value are provided in APPENDIX 

H. 

Table 35: Source Term Group Activity 

Source 

Term 

Group ID 

Release 

Frequency 

(Per Year) 

BOL 

Released  

Activity  (Ci) 

EOL 

Released 

Activity (Ci) 

BOL  

Fraction 

of Total 

EOL  

Fraction 

of Total 

BGJK 9.60E-04 4.54E+03 4.54E+03 0.01% 0.06% 

DE 4.44E-04 1.64E+07 3.10E+06 42.85% 39.56% 

D 3.85E-04 4.13E+03 4.13E+03 0.01% 0.05% 

BCGJK 2.90E-04 4.66E+03 4.56E+03 0.01% 0.06% 

DGJK 6.09E-05 4.13E+03 4.13E+03 0.01% 0.05% 

BJK 2.97E-05 6.90E+03 6.90E+03 0.02% 0.09% 

BCJK 8.96E-06 1.23E+06 2.71E+05 3.20% 3.47% 

ABFGHJK 2.03E-06 4.54E+03 4.54E+03 0.01% 0.06% 

DJK 1.94E-06 4.13E+03 4.13E+03 0.01% 0.05% 

BGJKXDE 5.61E-07 1.64E+07 3.10E+06 42.86% 39.62% 

BGJKXD 4.86E-07 8.67E+03 8.67E+03 0.02% 0.11% 

BCGJKXDE 1.69E-07 1.64E+07 3.10E+06 42.86% 39.62% 

BCGJKXD 1.47E-07 8.79E+03 8.69E+03 0.02% 0.11% 

ALL FPVS N/A 3.83E+07 7.83E+06 100.00% 100.00% 

In general, the source term estimates for the purge stream between elements is 

relatively small. The dominant source term components are clearly the HTA and LTA 

modules, as we would expect as their function is to collect and retain the fission 

products in the system. Additionally, the plated out fission products in the primary 

coolant boundary attribute a relatively large fraction of the activity present in the 

system, albeit an order of magnitude less than the HTA and LTA modules. 
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Table 36: STELLA Estimates for Activity  

Activity (Ci) in the Fission Product Vent System 

Location Plateout in PCB Piping from core to HTA HTA Contents Piping from HTA to LTA LTA Contents 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Krypton - 85m - - 3.35E+01 3.35E+01 - - 2.97E+01 2.97E+01 2.45E+05 4.72E+04 

Krypton - 85 - - 2.72E-03 2.72E-03 - - 2.72E-03 2.72E-03 8.82E+04 7.77E+04 

Krypton - 87 - - 2.11E+02 2.11E+02 - - 1.87E+02 1.87E+02 4.37E+05 7.45E+04 

Krypton - 88 - - 7.31E+01 7.31E+01 - - 6.48E+01 6.48E+01 3.39E+05 6.21E+04 

Rubidium - 88 - - 6.10E+02 6.10E+02 3.32E+05 6.37E+04 6.42E-02 6.42E-02 3.39E+05 6.21E+04 

Rubidium - 89 - - 1.74E+03 1.74E+03 7.31E+05 1.14E+05 - - - - 

Strontium - 89 - - 3.71E-04 3.71E-04 7.32E+05 1.14E+05 - - - - 

Tellurium - 127m - - 5.54E-03 5.54E-03 2.30E+04 9.95E+03 - - - - 

Tellurium - 127 - - 8.15E-01 8.15E-01 3.65E+04 1.22E+04 - - - - 

Tellurium - 129m - - 4.38E-02 4.38E-02 5.77E+04 1.93E+04 - - - - 

Tellurium - 129 - - 1.25E+01 1.25E+01 6.30E+04 1.64E+04 - - - - 

Tellurium - 131m - - 3.15E+00 3.15E+00 1.68E+05 3.20E+04 - - - - 

Tellurium - 131 - - 9.44E+01 9.44E+01 1.10E+05 1.82E+04 - - - - 

Iodine - 131 2.13E+04 5.60E+03 5.59E-01 5.59E-01 4.32E+05 9.34E+04 - - - - 

Tellurium - 132 - - 1.01E+01 1.01E+01 1.26E+06 2.69E+05 - - - - 

Iodine - 132 1.13E+05 1.85E+04 2.50E+02 2.50E+02 2.28E+06 4.36E+05 - - - - 

Tellurium - 133m - - 5.07E+02 5.07E+02 7.66E+05 1.16E+05 - - - - 

Tellurium - 133 - - 1.53E+03 1.53E+03 6.13E+05 9.17E+04 - - - - 

Iodine - 133 1.40E+05 2.66E+04 3.41E+01 3.41E+01 2.65E+06 4.49E+05 - - - - 

Xenon - 133m - - 1.59E+01 1.59E+01 - - 1.59E+01 1.59E+01 4.15E+06 7.77E+05 

Xenon - 133 - - 5.76E+00 5.76E+00 - - 5.76E+00 5.76E+00 5.50E+06 1.13E+06 

Tellurium - 134 - - 1.18E+03 1.18E+03 1.35E+06 2.04E+05 - - - - 

Iodine - 134 1.69E+05 2.65E+04 9.71E+02 9.71E+02 2.87E+06 4.43E+05 - - - - 

Iodine - 135 1.50E+05 2.48E+04 1.30E+02 1.30E+02 1.35E+06 2.23E+05 - - - - 

Xenon - 135m - - 7.88E+02 7.88E+02 - - 7.88E+02 7.88E+02 6.33E+05 1.00E+05 

Xenon - 135 - - 9.67E+01 9.67E+01 - - 9.67E+01 9.67E+01 3.49E+06 5.92E+05 

Cesium - 137 1.52E+05 1.44E+05 5.14E-02 5.14E-02 1.37E+06 1.29E+06 - - - - 
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Activity (Ci) in the Fission Product Vent System 

Location Plateout in PCB Piping from core to HTA HTA Contents Piping from HTA to LTA LTA Contents 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Xenon - 138 - - 3.31E+03 3.31E+03 - - 2.94E+03 2.94E+03 1.07E+06 1.58E+05 

Cesium - 138 2.55E+05 2.39E+04 2.39E+03 2.39E+03 2.29E+06 2.15E+05 1.60E+00 1.60E+00 1.50E+06 2.21E+05 

Sum 1.00E+06 2.70E+05 1.40E+04 1.40E+04 1.95E+07 4.23E+06 4.13E+03 4.13E+03 1.78E+07 3.30E+06 
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Out of the isotopes contributing to the source term of the vented fuel system, 

several warrant special attention: 

 Cs-137 (30 yr half-life, 6% cumulative yield): May impact maintenance 

activities due to its long half-life and high yield. 

 I-131 (8 day half-life, 4% cumulative yield): Important for safety 

reasons due to accumulation in the thyroid gland. Other iodine isotopes 

are less important due to their shorter half-lives. 

 Xe-135 (9 hr half-life, 7% cumulative yield): Important due to its large 

neutron cross section, effectively acting as a poison in the core
86

.   

The effects of a release of these specific isotopes from the vented fuel system will be 

considered further in the Level 3 consequence analysis. 

5.3 FPVS Level 3 Results 

The risk of a system is defined as the summation of the products of identified 

consequences and their frequencies. The STG frequency in combination with the 

estimated dose and cancer risks associated with each specific STG provide insight 

into the overall risk profile for a failure of the vented fuel system. The output of the 

atmospheric transport model developed using GENII is a series of dose estimates for 

the STGs with a frequency greater than 5.0E-7, representative of the lower bound of 

the Beyond Design Basis Event (BDBE) region of the frequency-consequence curve 

for NGNP
42

. To validate the GENII model, simplified calculations were performed. 

5.3.1 Overall Risk Profile 

The risk associated with the vented fuel system is enveloped by the STG 

frequencies and their resulting consequences in the form of dose and cancer risks at 

the Exclusion Area Boundary (EAB) for an instantaneous release and two hour 

exposure period using the BOL source term. For comparison, several different EAB 

values were analyzed. The TEDE dose, cancer incidence and fatal cancers risk are 

calculated by GENII using effective dose equivalents and a dose-to-risk conversion 

factor using ICRP-60 FGR 12 and 13 and EPA risk factors. The results are given in 

APPENDIX I and summarized graphically in Figure 29 through Figure 32. 
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Figure 29: TEDE Dose (rem) at EAB for BOL  

 

 

Figure 30: Cancer Incidence (Risk) at EAB for BOL  
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Figure 31: Cancer Fatalities (Risk) at EAB for BOL  

 

 

Figure 32: Frequency-Consequence Curve  
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The TEDE and cancer incidence and fatalities risk curves have the same shape 

and differ only in magnitude. This makes logical sense because the applied risk/dose 

coefficient differs for each risk scenario. The source term groups DE, BCJK, and 

ABGJKXDE contribute to the largest overall consequences. As indicated by the 

source term IDs, each of these release categories represents a release directly from the 

auxiliary building with no attenuation (DE and ABGJKXDE) or a bypass of the 

containment (BCJK). It is clear that the dose and risk decrease with increasing EAB 

distance. This information may be of use in determining how to ensure compliance 

with the various radionuclide control requirements represented by the solid black line 

in Figure 32.  

There are evidently three, nearly four, release sequences that result in 

unacceptable dose consequences with respect to their frequency, assuming an EAB of 

400m. This is unacceptable for commercial operation and will need to be addressed. 

Noting that the source term and atmospheric transport model estimates are generally 

conservative and do result in a larger dose, a more refined model of the system may 

remove this concern. Often the specific containment type and choice to add filtered 

venting is a direct result of the consequence analyses. Therefore, although the vented 

fuel system as modeled in this analysis does not comply with the radionuclide control 

requirements in its entirety, this does not necessarily indicate that the use of vented 

fuel is not possible in a regulated environment. This merely suggests the need to 

better understand the system components, the dependency of the vented fuel system 

on core accident events, and to pursue the consequence analysis further. One potential 

solution to these unfavorable results would be to maintain the entirety of the vented 

fuel system within containment, thereby taking credit for radiation barriers in the 

event of a LTA module failure. This however may have a negative impact on the 

cooling requirements of the LTA system, increasing the power input to the 

compressor necessary to maintain cryogenic refrigeration temperatures. A simple 

calculation of the power contained in the LTA module and the maximum efficiency 

of the refrigerator yields an estimated input power of roughly 380 kW. Nevertheless, 

solutions for reducing the estimated dose rate from the vented fuel system and their 

corresponding effects on the system performance should be considered further. 
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6 Conclusion 

The goal of the present work was to increase the understanding of the possible 

and probable failure mechanisms and the resulting implications of utilizing a vented 

fuel system in a helium-cooled GFR which may arise during both normal and 

abnormal operating conditions. To meet this goal the following research objectives 

were defined: 

1. Determine the possible and probable failure mechanisms of the vented 

fuel system during normal operation. 

2. Determine the possible and probable failure mechanisms of the vented 

fuel system during abnormal operation. 

3. Develop a model to characterize the frequency of vented fuel system 

failure. 

4. Develop a model to characterize the frequency and quantity of release 

from a failure of the vented fuel system. 

5. Develop a model to characterize the frequency and associated potential 

consequences to the environment and the public from a release from the 

failure of the vented fuel system. 

6. Using the developed models, determine the safety and licensing 

implications of vented fuel which require further investigation. 

To meet the first, second, and third objectives, fault tree and event tree Level 1 

PRA analysis was applied to the vented fuel system using the software tool 

SAPHIRE. The SAPHIRE model contains a logical breakdown of the system failure 

modes during both normal and abnormal operating conditions, providing insight into 

the weaknesses of the system and the associated probability of failure for individual 

components and subsystems as well as the cumulative system failure frequency. The 

end states for the various failure sequences were categorized into system damage 

states and used as input into the accident progression analysis. 

To meet the fourth objective a Level 2 PRA analysis was applied to the vented 

fuel system using SAPHIRE to understand how the accident progresses for each 

system damage state. The ability of the vented fuel system to respond to challenges 

imposed under abnormal conditions differs for each system damage state.  The 
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resulting frequencies of failure sequences resulting in similar radiological releases are 

binned together to form source term groups. To characterize the quantity of release 

for each source term group, the STELLA model was used to describe the time-

dependent fission product transport in the vented fuel system. Attenuation factors 

were applied to the STELLA model results to account for the various fission product 

barriers and retention mechanisms in place to prevent or mitigate a release. 

To meet the fifth objective a Level 3 PRA analysis was applied to the vented 

fuel system using the atmospheric transport tool GENII. The acute transport model is 

used to determine the resulting dose and risk consequences associated with each 

source term group with a frequency that merits further analysis.  

Finally, to meet the sixth objective information provided by the Level 1, 2, and 

3 PRA analyses was collectively evaluated to determine the safety implications of the 

vented fuel system and which aspects of the analysis require continue research.  

The present work found several vulnerabilities that require further assessment 

to ensure the safety of the vented fuel system. This is typical for new systems 

undergoing PRA for the first time.  

First, the motor operated isolation control valve, identified as V-15, is a single 

point failure having the sole ability to maintain the pressure differential required to 

ensure the purge stream does not counter diffuse into the primary coolant. In addition, 

each of the three 100% FPVS trains may be made unavailable by an inadvertent 

closure of V-15. Although the consequences of such an event were not further 

analyzed in the present work, a failure of the valve to function is shown in the Level 1 

PRA to be an important component, contributing largely to the failure of the vented 

fuel system to function under normal conditions. The current system model is unable 

to analyze the effects of a failure of V-15 to maintain the required pressure 

differential resulting in counter diffusion of fission products into the primary system 

however this modeling deficiency needs to be addressed in future safety analyses. 

Of the individual modules comprising the vented fuel system, the in-service 

HTA module was found to have the largest failure probability under accident 

conditions. Uncertainty analysis shows the reliability of the motor operated valves in 

the system to have the greatest overall impact on the performance of the system, 
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therefore a better understanding of failure rate data for these critical components 

needs to be considered.   

System failures initiated by transient events dominate the overall system failure 

frequency as a direct consequence of the larger initiating event frequency. The most 

probable system damage states are a release from the vented fuel system within the 

containment building and within the auxiliary building. It is assumed for the present 

analysis that the containment building has a leak rate of 0.1% per day and is equipped 

with a filter allowing filtered venting of the containment whereas no retention 

capabilities of the auxiliary building are credited. As a result of the reduced fission 

product boundaries present in the event of a release within the auxiliary building, 

consequences of these events prove to be more severe.  

The most probable STG is a release of the contents of the fission product purge 

stream prior to the HTA module with containment intact, releasing less than 0.01% of 

the activity present in the vented fuel system at an estimated frequency of 9.60E-04 

instances per year. The conservatively estimated dose for 2 hours at the 400m EAB 

was found to be within the acceptable limits for a DBE, however the result of this 

analysis is very close to the edge of being considered unacceptable. Three source term 

groups were found to have exceedingly high dose consequences with respect to their 

estimated frequencies assuming a 400m EAB. Two of these high-consequence STG 

releases fall within the DBE frequency category. Both of these event sequences 

appear to have relatively large consequences as a result of the release stemming from 

the auxiliary building where no attenuation from the building is credited. These 

include a release of the purge stream entering the LTA and a release of the purge 

stream entering the LTA combined with a fraction of the activity present in the LTA 

bed without attenuation, source term IDs of D and DE respectively. The third 

inordinately high release event sequence falls under the BDBE category with a 

release of the purge stream contents and a fraction of the HTA bed activity coincident 

with containment failure, source term ID BCJK. Although unlikely, the resultant dose 

is well outside the radionuclide control limits. 

Based on the results of the present analysis, additional design and analysis of 

the vented fuel system is required. It should be noted that the present work operates 
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under several highly conservative assumptions. Consequently, the vented fuel system, 

as modeled, may be safely operated without design changes pending the refinement 

of the models used to determine source term estimates and atmospheric transport.  

Specifically, the conservative modeling assumptions that have the potential to greatly 

reduce the estimated consequences if refined include the fraction of the activity 

within the adsorber beds that is released under accident conditions, the specific 

attenuation factors applied to the various fission product boundaries, and the 

atmospheric conditions selected for the atmospheric transport model. In addition, 

design changes such as an increase in the EAB or placement of the entire vented fuel 

system within the containment building may further reduce the consequences of a 

release.  

6.1 Future Work 

The breadth of analysis conducted in the present work revealed several avenues 

by which the safety implications of using vented fuel might be better understood. The 

first is in establishing a more detailed software tool capable of analyzing the transient 

effects of an accident scenario which challenge the vented fuel system. STELLA has 

inherent limitations requiring conservative assumptions regarding source term 

attenuation factors and the retention capabilities of the adsorber modules under 

various accident conditions. While some conservatism is good practice, failure to 

address such deficiencies in the analysis may lead to a misguided understanding of 

the risks associated with the application of a vented fuel system for advanced gas 

reactor concepts. A more refined and precise model including pressure and 

temperature feedback from accident progression could assist in a more accurate, and 

likely less conservative, assessment of the safety significance of a release from the 

vented fuel system. This includes an improved method for determining fuel release 

fractions. 

Another issue of concern that could be addressed in future work is the general 

lack of gas reactor component reliability data, which increases the uncertainty 

associated with the reliability of several important components whose failure directly 

impacts the potential source term and associated consequences. The Level 1 results 
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indicate the failure of the motor operated valves in the system hold the highest 

importance. As the design matures, an effort to refine the component reliability 

database, specifically for components with high importance factors such as valves, 

should be pursued to ensure adequate reliability of the system. The relevance and 

value of the PRA analysis conducted in the present work ultimately depends on the 

quality of component reliability data and initiating event frequency data input into the 

analysis.  

Additionally, a concern that could be addressed at a later date is the integration 

of more detailed system modeling as the design matures. In several instances 

assumptions were made based on legacy General Atomics designs and current gas 

reactors of comparable functionality. To truly assess the reliability of the system, 

consideration of systems in close association with the FPVS must be considered for a 

more physical representation of the interdependence of the vented fuel system with 

the remainder of the plant. Due to the limited scope of the present work, the 

assumption of perfect operation of outside systems precluded the need to analyze the 

remainder of the plant systems. This however is unphysical and should be addressed 

further. In addition, the consequences of a failure of V-15 to maintain the pressure 

differential required to prevent counter diffusion of fission products into the primary 

coolant was not explored further due to limitations of the current system model. This 

failure has potential safety implications and should be addressed in future analyses.  

Finally, to better understand the cost-benefit ratio of utilizing a vented fuel 

system, a full plant wide PRA should be performed to assess the risks related to a 

release of fission products for a base design utilizing vented fuel and a design which 

elects to increase the plenum volume to allow for storage of fission gas accumulation 

over the extended operating life. Although there is risk introduced by removing the 

fission products from the core, there is also a benefit of isolating these fission 

products from the effects of a challenging event in the reactor core. The risks 

identified in the present work may be of less concern than the risks associated with 

choosing to preserve the fission products in the core for the full projected thirty year 

core life.  
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APPENDIX A. Fission Product Vent System Component Reliability Data 
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APPENDIX B. SPAR-H Worksheets for Human Reliability Analysis 
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APPENDIX C. Normal Operation Fault Trees  
 

 
Figure A-1: Vented Fuel System Fault Tree 

 

 

 
Figure A-2: Fuel System Fault Tree 

VENTED_FUEL_SYSTEM_FAIL

Vented Fuel System Failure to 

remove and retain FPs

ExtFUEL_SYSTEM_FAIL

Fuel System Fail to Transport 

Purge Stream to FPVS

ExtFPTS_FAIL

FPTS Fail to Retain FPs and 
Transport Purge Stream to 

FPRS

ExtFPRS_FAIL

FPRS Fail to Retain FPs and 

Transport Purge Stream

FUEL_SYSTEM_FAIL

Fuel System Fail to Transport 

Purge Stream to FPVS

FUEL_SYSTEM_BREACH

Breach in Fuel system piping or 

manifolds

2.40E-07TRI-BUNDLE_MANIFOLD

Breach of Tri-bundle manifold 

(31)

9.89E-07DOWNCOMER_BREACH

Breach of double walled 

SiC-SiC downcomer (31)

3.29E-07TRI_BUNDLE_LO_PIPE

Tri-bundle 316L lead out pipe 

breach (31)

2.40E-05FUEL_SYSTEM_PLUG

Plug in fuel system piping
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Figure A-3: Fission Product Transfer System Fault Tree 

FPTS_FAIL

FPTS Fail to Transport Purge 

Stream to FPRS

ExtFPTS_BREACH

FPTS breach in piping, vavle, or 

manifold

ExtPCB_ISO_SPO

Primary Coolant Boundary 
Isolation valves unintentionally 

fail closed

TRAINS_UNAVAILABLE

Train 1, 2, and 3 are unavailable

ALL_TRAINS_UNAVAILABLE

Train 1, 2, and 3 are unavailable.

TRAIN1_UNAVAILABLE

FPTS Train 1 unavailable

7.20E-05V-16_SPO_CLOSED

V-16 spurious operation - fail 

closed

TRAIN2_UNAVAILABLE

FPTS Train 2 unavailable- 

Standby

1.10E-02V-17_CLOSED_OPERATOR

V-17 not opened by operator

6.00E-03V-17_FTOC_CLOSED

V-17 fail to open on demand

TRAIN3_UNAVAILABLE

FPTS Train 3 unavailable- 

Standby

6.00E-03V-18_FTOC_CLOSED

V-18 fail to open on demand

1.10E-02V-18_CLOSED_OPERATOR

V-18 not opened by operator

7.20E-05V-15_SPO_CLOSE

V-15 Spurious operation, close 

unintentionally

1.44E-06CCF_V-16_V-17_V-18

CCF of V-16, V-17, and V-18 to 

close unintentionally

6.24E-05V-15_FAIL_TO_CONTROL

V-15 fails to maintain pressure 

differential
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Figure A-4: FPTS Breach Fault Tree 

FPTS_BREACH

FPTS breach in piping, vavle, or 

manifold

FPTS_RELEASE_FPS6

Leak in 7 sub-header lines

FPTS_RELEASE_FPS03

Leak in 7 sub-header line 

isolation valves

7.20E-05V-1_LEAK

V-1 Leak

7.20E-05V-2_LEAK

V-2 Leak

7.20E-05V-3_LEAK

V-3 Leak

7.20E-05V-4_LEAK

V-4 Leak

7.20E-05V-5_LEAK

V-5 Leak

7.20E-05V-6_LEAK

V-6 Leak

7.20E-05V-7_LEAK

V-7 Leak

7.20E-05V-8_LEAK

V-8 Leak

7.20E-05V-9_LEAK

V-9 Leak

7.20E-05V-10_LEAK

V-10 Leak

7.20E-05V-11_LEAK

V-11 Leak

7.20E-05V-12_LEAK

V-12 Leak

7.20E-05V-13_LEAK

V-13 Leak

7.20E-05V-14_LEAK

V-14 Leak

1.25E-06FPTS_SUB-HEAD_BREACH

FPTS Sub-header Pipe 

Breach-Normal Ops

FPTS_RELEASE_FPS7

FPTS Lead-Out Trains Leak

FPTS_RELEASE_FPS16

FPTS Train 1 Leak (In Service)

1.46E-07FPTS_TRAIN_1_PIPE

FPTS Train 1 Pipe Breach

7.20E-05V-16_LEAK

V-16 Leak

FPTS_RELEASE_FPS17

FPTS Train 2 Leak (Stand-by)

FPTS_RELEASE_FPS113

V-17 spuriously opens 
introducing radioactive source in 

train 2

3.60E-06CCF_V-17_V-18

CCF of V-17 and V-18

7.20E-05V-17_SPO

V-17 SPO Open

1.46E-07FPTS_TRAIN-2_PIPE

FPTS Train 2 Pipe Breach

7.20E-05V-17_LEAK

V-17 Leak

FPTS_RELEASE_FPS18

FPTS Train 3 Leak (Spare)

FPTS_RELEASE_FPS123

V-18 spuriously opens 
introducting radioactive source 

in train 3

3.60E-06CCF_V-17_V-18

CCF of V-17 and V-18

7.20E-05V-18_SPO

V-18 SPO Open

1.46E-07FPTS_TRAIN-3_PIPE

FPTS Train 3 Pipe Breach

7.20E-05V-18_LEAK

V-18 Leak

2.40E-07FPTS_MANIFOLD_BREACH

FPTS Manifold Breach

2.40E-06V-15_LEAK

V-15 Leak (FPTS 

Isolation/Control Valve)
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Figure A-5: PCB Isolation Valve Fault Tree 

PCB_ISO_SPO

Primary Coolant Boundary 
Isolation valves unintentionally 

fail closed

7_SUBHEADERS_UNAVAILABLE

7 Subheaders are unavailable 
due to unintentional closure of 

PCB isolation valves

SUBHEADER1_UNAVAILABLE

Subheader train 1 unavailable

7.20E-05V-1_SPO_CLOSED

V-1 spurious operation, 

unintentionally closed

7.20E-05V-8_SPO_CLOSED

V-8 spurious operation, 

unintentionally closed

SUBHEADER2_UNAVAILABLE

Subheader train 2 unavailable

7.20E-05V-2_SPO-CLOSED

V-2 spurious operation, 

unintentionally closed

7.20E-05V-9_SPO-CLOSED

V-9 spurious operation, 

unintentionally closed

SUBHEADER3_UNAVAILABLE

subheader train 3 unavailable

7.20E-05V-3_SPO_CLOSED

V-3 spurious operation, 

unintentionally closed

7.20E-05V-10_SPO_CLOSED

V-10 spurious operation, 

unintentionally closed

SUBHEADER4_UNAVAILABLE

Subheader train 4 unavailable

7.20E-05V-4_SPOC-CLOSED

V-4 spurious operation, 

unintentionally closed

7.20E-05V-11_SPO_CLOSED

V-11 spurious operation, 

unintentionally closed

SUBHEADER5_UNAVAILABLE

Subheader train 5 unavailable

7.20E-05V-5_SPO_CLOSED

V-5 spurious operation, 

unintentionally closed

7.20E-05V-12_SPO_CLOSED

V-12 spurious operation, 

unintentionally closed

SUBHEADER6_UNAVAILABLE

Subheader train 6 unavailable

7.20E-05V-6_SPO_CLOSED

V-6 spurious operation, 

unintentionally closed

7.20E-05V-13_SPO_CLOSED

V-13 spurious operation, 

unintentionally closed

SUBHEADER7_UNAVAILABLE

Subheader train 7 unavailable

7.20E-05V-7_SPO_CLOSED

V-7 spurious operation, 

unintentionally closed

7.20E-05V-14_SPO_CLOSED

V-14 spurious operation, 

unintentionally closed
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Figure A-6: Fission Product Retention System Fault Tree 

FPRS_FAIL

FPRS Fail to Retain FPs and 

Transport Purge Stream

CONT_ISO_SPO

Containment isolation valves 
spuriously close 

uninetentionally

7.20E-05V-28_SPO_CLOSED

V-28 spurious operation, 

unintentionally closed

7.20E-05V-29_SPO_CLOSED

V-29 spurious operation, 

unintentionally closed

7.20E-05V-60_SPO_CLOSED

V-60 spurious operation, 

unintentionally closed

7.20E-05V-61_SPO_CLOSED

V-61 spurious operation, 

unintentionally closed

7.20E-07CCF_V-28_V-29_V-60_V-61

CCF Unintentional closure of 

V-28, V-29, V-60, and V-61

ExtLTA_HXR_FAIL

LTA Regenerative HXR fail to 

function or unavailable

ExtLTA_MODULES_2OF4

LTA Modules fail if 3 or more 

modules fail or are unavailable

FPRS_BREACHED

FPRS breach in piping, valves, 

manifolds, or vessels

ExtAUX_RELEASE

Release of FPs inside auxiliary 

building

ExtFPRS_CONT_RELEASE

FPRS Release of FPs in 

Containment Boundary

HTA_MODULES_FAIL

HTA modules fail to function or 

unavailable

ExtHTA1_FAIL

HTA Module 1 fail to retain FPs 

and trasnport purge stream

ExtHTA2_FAIL

HTA Module 2 fail to retain FPs 
and transport purge 

stream-Standby

ExtHTA3_FAIL

HTA Module 3 fail to retain FPs 
and transport purge 

stream-Standby

COMPRESSOR_FAIL

Compressor module fail to 

function or unavailable

ExtCOMP1_FAIL

Compressor Module 1 fail to 
retain FPs and transport purge 

stream

ExtCOMP2_FAIL

Compressor Module 2 fail to 
retain FPs and transport purge 

stream
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Figure A-7: FPRS Containment Release Fault Tree 

FPRS_CONT_RELEASE

FPRS Release of FPs in 

Containment Boundary

CONT_RELEASE8

HTA Modules 1, 2 or 3 Release 

of FPs

ExtHTA1_RELEASE

HTA Module 1 Release of FPs

ExtHTA2_RELEASE_FPS

HTA Module 2 Release of FPs

ExtHTA3_RELEASE_FPS

HTA Module 3 Release of FPs

CONT_RELEASE9

Containment Isolation Valve 

Leak

7.20E-05V-28_LEAK

V-28 Leak

7.20E-05V-61_LEAK

V-61 Leak

CONT_RELEASE10

Primary Coolant Return Isolation 

Valve Leak

7.20E-05V-74_LEAK

V-74 Leak

7.20E-05V-77_LEAK

V-77 Leak

7.20E-05V-80_LEAK

V-80 Leak

5.04E-07FPVS_PIPE_BREACH

FPVS Cumulative Pipe Breach

2.40E-07MANIFOLD_BREACH

FPTS Manifold Breach
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Figure A-8: High Temperature Adsorber Module 1 Fault Tree 

HTA1_FAIL

HTA Module 1 fail to retain FPs 

and trasnport purge stream

HTA1_UNAVAILABLE

HTA Module 1 unavailable

7.20E-05V-19_SPO_CLOSED

V-19 spurious operation, 

unintentionally closed

7.20E-05V-22_SPO_CLOSED

V-22 spurious operation, 

unintentionally closed

7.20E-05V-23_SPO-CLOSED

V-23 spurious operation, 

unintentionally closed

7.20E-05V-62_SPO_CLOSED

V-62 spurious operation, 

unintentionally closed

7.20E-05V-63_SPO_CLOSED

V-63 spurious operation, 

unintentionally closed

7.20E-05V-68_SPO_CLOSED

V-68 spurious operation, 

unintentionally closed

7.20E-05V-69_SPO_CLOSED

V-69 spurious operation, 

unintentionally closed

HTA1_MODULE_FAILURE

HTA 1 Module failure

7.20E-05HTA1_FILTER_CLOG

HTA Module 1 filter clog failure

2.40E-05HTA1_ADSORBER_BYPASS

HTA Module 1 adsorber 

bypassed

2.40E-05HTA_FILTER_BYPASS

HTA Module filter bypass

2.40E-05HTA1_ADSORBER_OVERLOAD

HTA Module 1 adsorber 

overload

HTA1_RETURN

HTA Module 1 primary coolant 

return unavailable

7.20E-05V-74_SPO_CLOSED

V-74 spurious operation, closed 

unintentionally

7.20E-05V-77_SPO_CLOSED

V-77 spurious operation, closed 

unintentionally

2.40E-05V-80_SPO_CLOSED

V-80 spurious operation, closed 

unintentionally
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Figure A-9: High Temperature Adsorber Module 2 Fault Tree  

HTA2_FAIL

HTA Module 2 fail to retain FPs 
and transport purge 

stream-Standby

HTA2_UNAVAILABLE

HTA Module 2 unavailable

1.10E-02HTA2_OPERATOR_SWITCH

Operator fails to open on 

demand

6.00E-03V-20_FTOC_OPEN

V-20 fails to open on demand

6.00E-03V-24_FTOC_OPEN

V-24 fails to open on demand

6.00E-03V-25_FTOC_OPEN

V-25 fails to open on demand

6.00E-03V-64_FTOC_OPEN

V-64 fails to open on demand

6.00E-03V-65_FTOC_OPEN

v-65 fail to open on demand

6.00E-03V-70_FTOC_OPEN

V-70 fails to open on demand

6.00E-03V-71_FTOC_OPEN

V-71 fails to open on demand

HTA2_MODULE_FAILURE

HTA Module 2 failure

7.20E-05HTA2_FILTER_CLOG

HTA Module 2 filter clog

2.40E-05HTA2_FILTER_BYPASS

HTA Module 2 filter bypass

2.40E-05HTA2_ADSORBER_BYPASS

HTA Module 2 adsorber bypass

2.40E-05HTA2_ADSORBER_OVERLOAD

HTA Module 2 adsorber 

overload

HTA2_RETURN

HTA Module 2 primary coolant 

return unavailable

1.00E-04V-75_FTOC_OPEN

V-75 fails to open on demand

1.00E-04V-78_FTOC_OPEN

V-78 fails to open on demand

3.00E-04V-81_FTOC_OPEN

V-81 fails to open on demand
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Figure A-10: High Temperature Adsorber Module 3 Fault Tree 

HTA3_FAIL

HTA Module 3 fail to retain FPs 
and transport purge 

stream-Standby

HTA3_UNAVAILABLE

HTA Module 3 unavailable

1.10E-02HTA3_OPERATOR_SWITCH

Operator fails to open on 

demand

6.00E-03V-21_FTOC_OPEN

V-21 fails to open on demand

6.00E-03V-26_FTOC_OPEN

V-26 fails to open on demand

6.00E-03V-27_FTOC_OPEN

V-27 fails to open on demand

6.00E-03V-66_FTOC_OPEN

V-66 fails to open on demand

6.00E-05V-67_FTOC_OPEN

V-67 fails to open on demand

6.00E-03V-72_FTOC_OPEN

V-72 fails to open on demand

6.00E-03V-73_FTOC_OPEN

V-73 fails to open on demand

HTA3_MODULE_FAIL

HTA Module 3 failure

7.20E-05HTA3_FILTER_CLOG

HTA Module 3 filter clog

2.40E-05HTA3_FILTER_BYPASSED

HTA Module 3 filter bypass

2.40E-05HTA3_ADSORBER_BYPASS

HTA Module 3 adsorber bypass

2.40E-05HTA3_ADSORBER_OVERLOAD

HTA Module 3 adsorber 

overload

HTA3_RETURN

HTA Module 3 primary coolant 

return unavailable

1.00E-04V-76_FTOC_OPEN

V-76 fails to open on demand

1.00E-04V-79_FTOC_OPEN

V-79 fails to open on demand

3.00E-04V-82_FTOC_OPEN

V-82 fails to open on demand
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Figure A-11: LTA Regenerative Heat Exchanger Fault Tree 

LTA_HXR_FAIL

LTA Regenerative HXR fail to 

function or unavailable

7.20E-05V-33_SPO_CLOSED

V-33 spurious operation, closed 

unintentionally

7.20E-05V-32_SPO_CLOSED

V-32 spurious operation, closed 

unintentionally

7.20E-05V-30_SPO_CLOSED

V-30 spurious operation, closed 

unintentionally

7.20E-05V-31_SPO_CLOSED

V-31 spurious operation, closed 

unintentionally

7.20E-05V-50_SPO_CLOSED

V-50 spurious operation, closed 

unintentionally

7.20E-05V-51_SPO_CLOSED

V-51 spurious operation, closed 

unintentionally

7.20E-05V-52_SPO_CLOSED

V-52 spurious operation, closed 

unintentionally

7.20E-05V-53_SPO_CLOSED

V-53 spurious operation, closed 

unintentionally
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Figure A-12: Low Temperature Modules Fault Tree 

LTA_MODULES_2OF4

LTA Modules fail if 3 or more 

modules fail or are unavailable

LTA_MODULES_123

LTA Modules 1 2 and 3 fail

ExtLTA1_FAIL

LTA Module 1 fail to retain FPs 

and transport purge stream

ExtLTA2_FAIL

LTA Module 2 fail to retain FPs 

and transport purge stream

ExtLTA3_FAIL

LTA Module 3 fail to retain FPs 

and transport purge stream

LTA_MODULES_124

LTA Modules 1 2 and 4 fail

ExtLTA1_FAIL

LTA Module 1 fail to retain FPs 

and transport purge stream

ExtLTA2_FAIL

LTA Module 2 fail to retain FPs 

and transport purge stream

ExtLTA4_FAIL

LTA Module 4 fail to retain FPs 

and transport purge stream

LTA_MODULES_234

LTA Modules 2, 3, and 4 fail

ExtLTA2_FAIL

LTA Module 2 fail to retain FPs 

and transport purge stream

ExtLTA3_FAIL

LTA Module 3 fail to retain FPs 

and transport purge stream

ExtLTA4_FAIL

LTA Module 4 fail to retain FPs 

and transport purge stream

LTA_MODULES_134

LTA Modules 1, 3, and 4 fail

ExtLTA1_FAIL

LTA Module 1 fail to retain FPs 

and transport purge stream

ExtLTA3_FAIL

LTA Module 3 fail to retain FPs 

and transport purge stream

ExtLTA4_FAIL

LTA Module 4 fail to retain FPs 

and transport purge stream
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Figure A-13: Low Temperature Adsorber Module 1 Fault Tree

LTA1_FAIL

LTA Module 1 fail to retain FPs 

and transport purge stream

LTA1_FAILURE

LTA Module 1 failure

2.40E-05LTA1_FILTER_BYPASS

LTA Module 1 filter bypass

7.20E-05LTA1_FILTER_CLOG

LTA Module 1 filter clog

2.40E-05LTA1_ADSORBER_BYPASS

LTA Module 1 adsorber bypass

2.40E-05LTA1_ADSORBER_OVERLAOD

LTA Module 1 adsorber overlaod

7.20E-05LTA1_LIQUID_NITROGEN

LTA Module 1 Liquid Nitrogen 

cooling system failure

LTA1_UNAVAILABLE

LTA Module 1 unavailable

7.20E-05V-34_SPO_CLOSED

V-34 spurious operation, closed 

unintentionally

7.20E-05V-35_SPO_CLOSED

V-35 spurious operation, closed 

unintentionally

7.20E-05V-42_SPO-CLOSED

V-42 spurious operation, closed 

unintentionally

7.20E-05V-43_SPO_CLOSED

V-43 spurious operation, closed 

unintentionally
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Figure A-14: Low Temperature Adsorber Module 2 Fault Tree

LTA2_FAIL

LTA Module 2 fail to retain FPs 

and transport purge stream

LTA2_FAILURE

LTA Module 2 failure

2.40E-05LTA2_FILTER_BYPASS

LTA Module 2 filter bypass

7.20E-05LTA2_FILTER_CLOG

LTA Module 2 filter clog

2.40E-05LTA2_ADSORBER_BYPASS

LTA Module 2 adsorber bypass

2.40E-05LTA2_ADSORBER_OVERLOAD

LTA Module 2 adsorber overload

7.20E-05LTA2_LIQUID_NITROGEN

LTA Module 2 liquid nitrogen 

cooling system failure

LTA2_UNAVAILABLE

LTA Module 2 unavailable

7.20E-05V-36_SPO_CLOSED

V-36 spurious operation, closed 

unintentionally

7.20E-05V-37_SPO_CLOSED

V-37 spurious operation, closed 

unintentionally

7.20E-05V-44_SPO_CLOSED

V-44 spurious operation, closed 

unintentionally

7.20E-05V-45_SPO_CLOSED

V-45 spurious operation, closed 

unintentionally
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Figure A-15: Low Temperature Adsorber Module 3 Fault Tree

LTA3_FAIL

LTA Module 3 fail to retain FPs 

and transport purge stream

LTA3_FAILURE

LTA Module 3 failure

2.40E-05LTA3_FILTER_BYPASS

LTA Module 3 filter bypass

7.20E-05LTA3_FILTER_CLOG

LTA Module 3 filter clog

2.40E-05LTA3_ADSORBER_BYPASS

LTA Module 3 adsorber bypass

2.40E-05LTA3_ADSORBER_OVERLOAD

LTA Module 3 adsorber overload

7.20E-05LTA3_LIQUID_NITROGEN

LTA Module 3 liquid nitrogen 

cooling system

LTA3_UNAVAILABLE

LTA Module 3 unavailable

1.10E-02LTA3_OPERATOR

Operator fail to switch trains

6.00E-03V-38_FTOC_OPEN

V-38 fails to open on demand

6.00E-03V-39_FTOC_OPEN

V-39 fails to open on demand

6.00E-03V-46_FTOC_OPEN

V-46 fails to open on demand

6.00E-03V-47_FTOC_OPEN

V-47 fails to open on demand
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Figure A-16: Low Temperature Adsorber Module 4 Fault Tree

LTA4_FAIL

LTA Module 4 fail to retain FPs 

and transport purge stream

LTA4_FAILURE

LTA Module 4 failure

2.40E-05LTA4_FILTER_BYPASS

LTA Module 4 filter bypass

7.20E-05LTA4_FILTER_CLOG

LTA Module 4 filter clog

2.40E-05LTA4_ADSORBER_BYPASS

LTA Module 4 adsorber bypass

2.40E-05LTA4_ADSORBER_OVERLOAD

LTA Module 4 adsorber overload

7.20E-05LTA4_LIQUID_NITROGEN

LTA Module 4 liquid nitrogen 

cooling system

LTA4_UNAVAILABLE

LTA Module 4 unavailable

1.10E-02LTA4_OPERATOR

Operator fail to switch trains

6.00E-03V-40_FTOC_OPEN

V-40 fails to open on demand

6.00E-03V-41_FTOC_OPEN

V-41 fails to open on demand

6.00E-03V-48_FTOC_OPEN

V-48 fails to open on demand

6.00E-03V-49_FTOC_OPEN

V-49 fails to open on demand
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Figure A-17: Compressor Module 1 Fault Tree

COMP1_FAIL

Compressor Module 1 fail to 
retain FPs and transport purge 

stream

COMP1_FAILURE

Compressor Module 1 Failure

1.20E-03COMP1_FTR

Compressor 1 fail to run

1.00E-04COMP1_FTS

Compressor 1 fail to start

COMP1_UNAVAILABLE

Compressor Module 1 

Unavailable

7.20E-05V-54_SPO_CLOSED

V-54 spurious operation, closed 

unintentionally

7.20E-05V-56_SPO_CLOSED

V-56 spurious operation, closed 

unintentionally

2.40E-05V-57_SPO_CLOSED

V-57 spurious operation, closed 

unintentionally
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Figure A-18: Compressor Module 2 Fault Tree

COMP2_FAIL

Compressor Module 2 fail to 
retain FPs and transport purge 

stream

COMP2_FAILURE

Compressor Module 2 Failure

1.20E-03COMP2_FTR

Compressor 2 fail to run

1.00E-04COMP2_FTS

Compressor 2 fail to start

COMP2_UNAVAILABLE

Compressor Module 2 

Unavailable

6.00E-03V-55_FTOC_OPEN

V-55_fail to open on demand

6.00E-03V-58_FTOC_OPEN

V-58 fails to open on demand

3.00E-04V-59_FTOC_OPEN

V-59 fail to open on demand

1.10E-02COMP2_OPERATOR_SWITCH

Operator fails to open on 

demand
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APPENDIX D. Accident Condition Fault Trees  
 

 

 

 

 

 
 

Figure A-19: Release in Primary Coolant Boundary Fault Tree 

 

 
Figure A-20: Fuel System Fault Tree 

 

PCB_RELEASE

Release of FPs inside primary 

coolant boundary

ExtFUEL_SYSTEM_RELEASE_FPS

Fuel System Release of FPs

1.18E-06FPTS_7_SUB-HEADERS_PCB

FPTS- Breach in 7 sub-header 
piping inside primary coolant 

boundary

FUEL_SYSTEM_RELEASE_FPS

Fuel System Release of FPs

2.40E-07TRI-BUNDLE_MANIFOLD

Breach of Tri-bundle manifold 

(31)

9.89E-07DOWNCOMER_BREACH

Breach of double walled 

SiC-SiC downcomer (31)

3.29E-07TRI_BUNDLE_LO_PIPE

Tri-bundle 316L lead out pipe 

breach (31)
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Figure A-21: Release in Containment Boundary Fault Tree 

CONT_RELEASE

Release of FPs in Containment 

Boundary

ExtFPTS_RELEASE_FPS

FPTS Release of FPs

HTA_MOD_REL

HTA Modules 1, 2 or 3 Release 

of FPs

ExtHTA1_RELEASE

HTA Module 1 Release of FPs

ExtHTA2_RELEASE_FPS

HTA Module 2 Release of FPs

ExtHTA3_RELEASE_FPS

HTA Module 3 Release of FPs

CONT_ISO_VALVES

Containment Isolation Valve 

Leak

7.20E-05V-28_LEAK

V-28 Leak

7.20E-05V-61_LEAK

V-61 Leak

PRI_RETURN_ISO_VALVE_REL

Primary Coolant Return Isolation 

Valve Leak

7.20E-05V-74_LEAK

V-74 Leak

7.20E-05V-77_LEAK

V-77 Leak

7.20E-05V-80_LEAK

V-80 Leak

5.04E-07FPVS_PIPE_BREACH

FPVS Cumulative Pipe Breach

2.40E-07MANIFOLD_BREACH

FPTS Manifold Breach



165 

 

 

 

Figure A-22: Fission Product Transport System Fault Tree 

FPTS_RELEASE_FPS

FPTS Release of FPs

FPTS_SUB-HEAD_LINE_LEAK

Leak in 7 sub-header lines

FPTS_SUB-HEAD_VALVE_LEAK

Leak in 7 sub-header line 

isolation valves

7.20E-05V-1_LEAK

V-1 Leak

7.20E-05V-2_LEAK

V-2 Leak

7.20E-05V-3_LEAK

V-3 Leak

7.20E-05V-4_LEAK

V-4 Leak

7.20E-05V-5_LEAK

V-5 Leak

7.20E-05V-6_LEAK

V-6 Leak

7.20E-05V-7_LEAK

V-7 Leak

7.20E-05V-8_LEAK

V-8 Leak

7.20E-05V-9_LEAK

V-9 Leak

7.20E-05V-10_LEAK

V-10 Leak

7.20E-05V-11_LEAK

V-11 Leak

7.20E-05V-12_LEAK

V-12 Leak

7.20E-05V-13_LEAK

V-13 Leak

7.20E-05V-14_LEAK

V-14 Leak

6.62E-08FPTS_SUB-HEAD_PIPING

FPTS Sub-header Pipe 

Breach-Accident

FPTS_LEADOUT_TRAINS_LEAK

FPTS Lead-Out Trains Leak

FPTS_TRAIN_1

FPTS Train 1 Leak (In Service)

1.46E-07FPTS_TRAIN_1_PIPE

FPTS Train 1 Pipe Breach

7.20E-05V-16_LEAK

V-16 Leak

FPTS_TRAIN_2

FPTS Train 2 Leak (Stand-by)

V-17_SPO_OPEN

V-17 spuriously opens 
introducing radioactive source in 

train 2

V-17_FAIL_OPEN

V-17 Fails open by SPO or CCF 

SPO

3.60E-06CCF_V-17_V-18

CCF of V-17 and V-18

7.20E-05V-17_SPO

V-17 SPO Open

1.46E-07FPTS_TRAIN-2_PIPE

FPTS Train 2 Pipe Breach

7.20E-05V-17_LEAK

V-17 Leak

FPTS_TRAIN_3

FPTS Train 3 Leak (Spare)

V-18_SPO_OPEN

V-18 spuriously opens 
introducting radioactive source 

in train 3

V-18_FAIL_OPEN

V-18 Fails open by SPO or CCF 

SPO

3.60E-06CCF_V-17_V-18

CCF of V-17 and V-18

7.20E-05V-18_SPO

V-18 SPO Open

1.46E-07FPTS_TRAIN-3_PIPE

FPTS Train 3 Pipe Breach

7.20E-05V-18_LEAK

V-18 Leak

2.40E-07FPTS_MANIFOLD_BREACH

FPTS Manifold Breach

2.40E-06V-15_LEAK

V-15 Leak (FPTS 

Isolation/Control Valve)
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Figure A-23: High Temperature Adsorber Module 1 Fault Tree 

HTA1_RELEASE

HTA Module 1 Release of FPs

HTA1_FLANGE_LEAK

HTA Module 1 Flange Leak

7.20E-08HTA1_IN_FLANGE_LEAK

HTA Module 1 Inlet Flange Leak

7.20E-08HTA1_OUT_FLANGE_LEAK

HTA Module 1 Outlet Flange 

Leak

7.20E-08HTA1_IN_HXR_FLANGE_LEAK

HTA Module 1 Inlet HXR Flange 

Leak

7.20E-08HTA1_OUT_HXR_FLANGE_LEAK

HTA Module 1 Outlet HXR 

Flange Leak

HTA1_VALVE_LEAK

HTA Module 1 Valve Leak

7.20E-05V-19_LEAK

V-19 Leak

7.20E-05V-22_LEAK

V-22 Leak

7.20E-05V-23_LEAK

V-23 Leak

7.20E-05V-62_LEAK

V-62 Leak

7.20E-05V-63_LEAK

V-63 Leak

7.20E-05V-74_LEAK

V-74 Leak

2.40E-07HTA1_VESSEL_BREACH

HTA Module 1 Vessel Breach
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Figure A-24: High Temperature Adsorber Module 2 Fault Tree 

HTA2_RELEASE_FPS

HTA Module 2 Release of FPs

V-20_SPO_OPEN

V-20 spuriously opens 
introducing radioactivity in HTA 

Module 2

V-20_BREACH

Possible breaches with V-20 

Open

2.40E-07HTA2_VESSEL_BREACH

HTA Module 2 Vessel breach

7.20E-05V-24_LEAK

V-24 Leak

7.20E-05V-20_SPO

V-20 SPO Open

7.20E-05V-17_SPO_OPEN

V-17 SPO Open

V-25_SPO_OPEN

V-25 spuriously opens 
introducing radioactivity into HTA 

Module 2 Line

V-25_BREACH

Possible breaches with V-25 

Open

7.20E-05V-24_LEAK

V-24 Leak

7.20E-08HTA2_OUT_FLANGE_LEAK

HTA Module 2 Outlet Flange 

Leak

7.20E-05V-25_SPO

V-25 SPO Open

V-64_SPO_OPEN

V-64 spuriously opens 
introducing radioactivity into HTA 

Module 2 Line

V-65_BREACH

Possible breaches with V-64 

Open

7.20E-08HTA2_IN_HXR_FLANGE_LEAK

HTA Module 2 Inlet HXR Flange 

Leak

7.20E-05V-65_LEAK

V-65 Leak

7.20E-05V-64_SPO

V-64 SPO Open

V-17_SPO_TRAIN2

V-17 spuriously opens 
introducting radioactivity into 

HTA Module 2 Line

HTA2_TRAIN_BREACH

Possible breaches with V-17 

open

7.20E-05V-20_LEAK

V-20 Leak

7.20E-08HTA2_IN_FLANGE_LEAK

HTA Module 2 Inlet Flange Leak

7.20E-05V-17_SPO_OPEN

V-17 SPO Open
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Figure A-25: High Temperature Adsorber Module 3 Fault Tree 

HTA3_RELEASE_FPS

HTA Module 3 Release of FPs

V-21_SPO_OPEN

V-21 spuriously opens 
introducing radioactivity in HTA 

Module 3

V-21_BREACH

Possible breaches with V-21 

Open

2.40E-07HTA3_VESSEL_BREACH

HTA Module 2 Vessel breach

7.20E-05V-26_LEAK

V-26 Leak

7.20E-05V-21_SPO

V-21 SPO Opens

7.20E-05V-18_SPO_OPEN

V-18 SPO Open

V-27_SPO_OPEN

V-27 spuriously opens 
introducing radioactivity into HTA 

Module 3 Line

V-27_BREACH

Possible breaches with V-27 

Open

7.20E-05V-26_LEAK

V-26 Leak

7.20E-08HTA3_OUT_FLANGE_LEAK

HTA Module 3 Outlet Flange 

Leak

7.20E-05V-27_SPO

V-27 SPO Open

V-66_SPO_OPEN

V-66 spuriously opens 
introducing radioactivity into HTA 

Module 3 Line

V-66_BREACH

Possible breaches with V-66 

Open

7.20E-08HTA3_IN_HXR_FLANGE_LEAK

HTA Module 3 Inlet HXR Flange 

Leak

7.20E-05V-67_LEAK

V-67 Leak

7.20E-05V-66_SPO

V-66 SPO Open

V-17_SPO_TRAIN3

V-17 spuriously opens 
introducing radioactivity into HTA 

Module 3 Line

HTA3_TRAIN_BREACH

Possible breaches with V-17 

open

7.20E-05V-21_LEAK

V-21 Leak

7.20E-08HTA3_IN_FLANGE_LEAK

HTA Module 3 Inlet Flange Leak

7.20E-05V-18_SPO_OPEN

V-18 SPO Open
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Figure A-26: Release in Containment Boundary Fault Tree (Rupture in Manifold) 

CONT_RELEASE_MAN

Release of FPs in Containment 

Boundary

ExtFPTS_RELEASE_FPS_MAN

FPTS Release of FPs (Rupture 

in Manifold)

CONT_RELEASE5

HTA Modules 1, 2 or 3 Release 

of FPs

ExtHTA1_RELEASE

HTA Module 1 Release of FPs

ExtHTA2_RELEASE_FPS

HTA Module 2 Release of FPs

ExtHTA3_RELEASE_FPS

HTA Module 3 Release of FPs

CONT_RELEASE6

Containment Isolation Valve 

Leak

7.20E-05V-28_LEAK

V-28 Leak

7.20E-05V-61_LEAK

V-61 Leak

CONT_RELEASE7

Primary Coolant Return Isolation 

Valve Leak

7.20E-05V-74_LEAK

V-74 Leak

7.20E-05V-77_LEAK

V-77 Leak

7.20E-05V-80_LEAK

V-80 Leak

5.04E-07FPVS_PIPE_BREACH

FPVS Cumulative Pipe Breach
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Figure A-27: Fission Product Transport System Fault Tree (Rupture in Manifold) 

 

FPTS_RELEASE_FPS_MAN

FPTS Release of FPs (Rupture 

in Manifold)

FPTS_RELEASE_FPS4

Leak in 7 sub-header lines

FPTS_RELEASE_FPS02

Leak in 7 sub-header line 

isolation valves

7.20E-05V-1_LEAK

V-1 Leak

7.20E-05V-2_LEAK

V-2 Leak

7.20E-05V-3_LEAK

V-3 Leak

7.20E-05V-4_LEAK

V-4 Leak

7.20E-05V-5_LEAK

V-5 Leak

7.20E-05V-6_LEAK

V-6 Leak

7.20E-05V-7_LEAK

V-7 Leak

7.20E-05V-8_LEAK

V-8 Leak

7.20E-05V-9_LEAK

V-9 Leak

7.20E-05V-10_LEAK

V-10 Leak

7.20E-05V-11_LEAK

V-11 Leak

7.20E-05V-12_LEAK

V-12 Leak

7.20E-05V-13_LEAK

V-13 Leak

7.20E-05V-14_LEAK

V-14 Leak

6.62E-08FPTS_SUB-HEAD_PIPING

FPTS Sub-header Pipe 

Breach-Accident

FPTS_RELEASE_FPS5

FPTS Lead-Out Trains Leak

FPTS_RELEASE_FPS13

FPTS Train 1 Leak (In Service)

1.46E-07FPTS_TRAIN_1_PIPE

FPTS Train 1 Pipe Breach

7.20E-05V-16_LEAK

V-16 Leak

FPTS_RELEASE_FPS14

FPTS Train 2 Leak (Stand-by)

FPTS_RELEASE_FPS112

V-17 spuriously opens 
introducing radioactive source in 

train 2

V-17_FAIL_OPEN

V-17 Fails open by SPO or CCF 

SPO

3.60E-06CCF_V-17_V-18

CCF of V-17 and V-18

7.20E-05V-17_SPO

V-17 SPO Open

1.46E-07FPTS_TRAIN-2_PIPE

FPTS Train 2 Pipe Breach

7.20E-05V-17_LEAK

V-17 Leak

FPTS_RELEASE_FPS15

FPTS Train 3 Leak (Spare)

FPTS_RELEASE_FPS122

V-18 spuriously opens 
introducting radioactive source 

in train 3

V-18_FAIL_OPEN

V-18 Fails open by SPO or CCF 

SPO

3.60E-06CCF_V-17_V-18

CCF of V-17 and V-18

7.20E-05V-18_SPO

V-18 SPO Open

1.46E-07FPTS_TRAIN-3_PIPE

FPTS Train 3 Pipe Breach

7.20E-05V-18_LEAK

V-18 Leak

2.40E-06V-15_LEAK

V-15 Leak (FPTS 

Isolation/Control Valve)
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Figure A-28: Release in Auxiliary Building Boundary Fault Tree 

AUX_RELEASE

Release of FPs inside auxiliary 

building

ExtLTA_HXR_RELEASE_FPS

LTA Regenerative HXR Release 

of FPs

COMPRESSOR_RELEASE

Compressor Module 1 or 2 

Release of FPs

ExtCOMP1_RELEASE_FPS

Compressor Module 1 Release 

of Fps

ExtCOMP2_RELEASE_FPS

Compressor Module 2 Release 

of FPs

LTA_RELEASE

LTA Modules 1, 2, 3, or 4 

Release of FPs

ExtLTA1_RELEASE_FPS

LTA Module 1 Release of FPs

ExtLTA2_RELEASE_FPS

LTA Module 2 Release of FPs

ExtLTA3_RELEASE_FPS

LTA Module 3 Release of FPs

ExtLTA4_RELEASE_FPS

LTA Module 4 Release of FPs

CONT_ISO_VALVE_AUX

Containment Isolation Valves 

(outside Containment) leak

7.20E-05V-29_LEAK

V-29 Leak

7.20E-05V-60_LEAK

V-60 Leak

4.25E-07FPVS_PIP_BREACH_AUX

FPVS Cumulative Pipe Breach in 

Auxiliary Building
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Figure A-29: Low Temperature Adsorber Module 1 Fault Tree 

LTA1_RELEASE_FPS

LTA Module 1 Release of FPs

LTA1_FLANGE_LEAK

LTA Module 1 Flange Leak

7.20E-08LTA1_IN_FLANGE_LEAK

LTA Module 1 Inlet Flange Leak

7.20E-08LTA1_OUT_FLANGE_LEAK

LTA Module 1 Outlet Flange 

Leak

LTA1_VALVE_LEAK

LTA Module 1 Valve Leak

7.20E-05V-34_LEAK

V-34 Leak

7.20E-05V-35_LEAK

V-35 Leak

7.20E-05V-42_LEAK

V-42 Leak

7.20E-05V-43_LEAK

V-43 Leak

2.40E-07LTA1_VESSEL_BREACH

LTA Module 1 Vessel Breach
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Figure A-30: Low Temperature Adsorber Module 2 Fault Tree  

LTA2_RELEASE_FPS

LTA Module 2 Release of FPs

LTA2_FLANGE_LEAK

LTA Module 2 Flange Leak

7.20E-08LTA2_IN_FLANGE_LEAK

LTA Module 2 Inlet Flange Leak

7.20E-08LTA2_OUT_FLANGE_LEAK

LTA Module 2 Outlet Flange 

Leak

LTA2_VALVE_LEAK

LTA Module 2 Valve Leak

7.20E-05V-36_LEAK

V-36 Leak

7.20E-05V-37_LEAK

V-37 Leak

7.20E-05V-44_LEAK

V-44 Leak

7.20E-05V-45_LEAK

V-45 Leak

2.40E-07LTA2_VESSEL_BREACH

LTA Module 2 Vessel Breach
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Figure A-31: Low Temperature Adsorber Module 3 Fault Tree  

LTA3_RELEASE_FPS

LTA Module 3 Release of FPs

LTA3_VALVE_LEAK

LTA Module 3 Valve Leak

7.20E-05V-38_LEAK

V-38 Leak

7.20E-05V-47_LEAK

V-47 Leak

V-38_SPO_OPEN

V-38 spuriously opens 
introducing radioactivity into LTA 

Module 3 Line

7.20E-08LTA3_IN_FLANGE_LEAK

LTA Module 3 Inlet Flange Leak

7.20E-05V-38_SPO

V-38 SPO Open

V-47_SPO_OPEN

V-47 spuriously opens 
introducting radioactivity into LTA 

Module 3 Line

7.20E-08LTA3_OUT_FLANGE_LEAK

LTA Module 3 Outlet Flange 

Leak

7.20E-05V-47_SPO

V-47 SPO Open

V-38_AND_V-39_SPO_OPEN

V-38 and V-39 spuriously open 
introducing radioactivity into LTA 

Module 3

V-38_AND_V-39_BOTH_OPEN

V-38 and V-39 are both opened 

via spurious operation

V-38_V-39_INDEP_SPO

V-38 and V-39 Independently 

SPO Open

7.20E-05V-38_SPO

V-38 SPO Open

7.20E-05V-39_SPO

V-39 SPO Open

2.40E-08CCF_V-38_V-39_SPO

CCF of V-38 and V-39 SPO 

Open

V-38_AND_V-39_BREACH

Possible breaches with V-38 

and V-39 Open

2.40E-07LTA3_VESSEL_BREACH

LTA Module 3 Vessel Breach

7.20E-05V-46_LEAK

V-46 Leak

V-46_AND_V-47_SPO_OPEN

V-46 and V-47 spuriously open 
introducing radioactivity into LTA 

Module 3

V-46_AND_V-47_BOTH_OPEN

V-46 and V-47 are both opened 

via spurious operation

V-46_V-47_INDEP_SPO

V-46 and V-47 Independently 

SPO Open

7.20E-05V-47_SPO

V-47 SPO Open

7.20E-05V-46_SPO

V-46SPO

2.40E-08CCF_V-46_V-47_SPO

CCF of V-46 and V-47 SPO 

Open

V-46_V-47_BREACH

Possible breaches with V-46 

and V-47 Open

2.40E-07LTA3_VESSEL_BREACH

LTA Module 3 Vessel Breach

7.20E-05V-39_LEAK

V-39 Leak
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Figure A-32: Low Temperature Adsorber Module 4 Fault Tree  

LTA4_RELEASE_FPS

LTA Module 4 Release of FPs

LTA4_VALVE_LEAK

LTA Module 4 Valve Leak

7.20E-05V-40_LEAK

V-40 Leak

7.20E-05V-49_LEAK

V-49 Leak

V-40_SPO_OPEN

V-40 spuriously opens 
introducing radioactivity into LTA 

Module 4 Line

7.20E-08LTA4_IN_FLANGE_LEAK

LTA Module 4 Inlet Flange Leak

7.20E-05V-40_SPO

V-40 SPO Open

V-49_SPO_OPEN

V-49 spuriously opens 
introducting radioactivity into LTA 

Module 4 Line

7.20E-08LTA4_OUT_FLANGE_LEAK

LTA Module 4 Outlet Flange 

Leak

7.20E-05V-49_SPO

V-49 SPO Open

V-40_V-41_SPO_OPEN

V-40 and V-41 spuriously open 
introducing radioactivity into LTA 

Module 4

V-40_AND_V-41_BOTH_OPEN

V-40 and V-41 are both opened 

via spurious operation

V-40_V-41_INDEP_SPO

V-40 and V-42 Independently 

SPO Open

7.20E-05V-40_SPO

V-40 SPO Open

7.20E-05V-41_SPO

V-41 SPO Open

2.40E-08CCF_V-40_V-41_SPO

CCF of V-40 and V-41 SPO 

Open

V-40_AND_V-41_BREACH

Possible breaches with V-40 

and V-41 Open

2.40E-07LTA4_VESSEL_BREACH

LTA Module 4 Vessel Breach

7.20E-05V-48_LEAK

V-48 Leak

V-48_AND_V-49_SPO_OPEN

V-48 and V-49 spuriously open 
introducing radioactivity into LTA 

Module 4

V-48_AND_V-49_BOTH_OPEN

V-48 and V-49 are both opened 

via spurious operation

V-48_V-49_INDEP_SPO

V-48 and V-49 Independently 

SPO Open

7.20E-05V-49_SPO

V-49 SPO Open

7.20E-05V-48_SPO

V-48 SPO Open

2.40E-08CCF_V-48_V-49_SPO

CCF of V-48 and V-49 SPO 

Open

V-48_V-49_BREACH

Possible breaches with V-49 

and V-49 Open

2.40E-07LTA4_VESSEL_BREACH

LTA Module 4 Vessel Breach

7.20E-05V-41_LEAK

V-41 Leak
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Figure A-33: LTA Regenerative Heat Exchanger Module Fault Tree 

LTA_HXR_RELEASE_FPS

LTA Regenerative HXR Release 

of FPs

LTA_HXR_FLANGE_LEAK

LTA HXR Module Flange Leak

7.20E-08LTA_HXR_IN_HOT_FLANGE

LTA HXR Module Hot Side Inlet 

Flange Leak

7.20E-08LTA_HXR_OUT_HOT_FLANGE

LTA HXR Module Hot Side Outlet 

Flange Leak

7.20E-08LTA_HXR_IN_COLD_FLANGE

LTA HXR Module Cold Side Inlet 

Flange Leak

7.20E-08LTA_HXR_OUT_COLD_FLANGE

LTA HXR Module Cold Side 

Outlet Flange Leak

LTA_HXR_VALVE_LEAK

HTA HXR Module Valve Leak

7.20E-05V-30_LEAK

V-30 Leak

7.20E-05V-31_LEAK

V-31 Leak

7.20E-05V-32_LEAK

V-32 Leak

7.20E-05V-33_LEAK

V-33 Leak

7.20E-05V-50_LEAK

V-50 Leak

7.20E-05V-51_LEAK

V-51 Leak

7.20E-05V-52_LEAK

V-52 Leak

7.20E-05V-53_LEAK

V-53 Leak

2.40E-07LTA_HXR_VESSEL_BREACH

LTA HXR Vessel Breach
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Figure A-34: Compressor Module 1 Fault Tree 

COMP1_RELEASE_FPS

Compressor Module 1 Release 

of Fps

COMP1_VALVE_LEAK

Compressor Module 1 Valve 

Leak

7.20E-05V-54_LEAK

V-54 Leak

7.20E-05V-56_LEAK

V-56 Leak

7.20E-05V-57_LEAK

V-57 Leak

COMP1_FLANGE_LEAK

Compressor Module 1 Flange 

Leak

7.20E-08LTA_HXR_IN_HOT_FLANGE

LTA HXR Module Hot Side Inlet 

Flange Leak

7.20E-08COMP1_OUT_FLANGE_LEAK

Compressor Module 1 Outlet 

Flange Leak

2.40E-07COMP1_VESSEL_BREACH

Compressor Module 1 Vessel  

Breach
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Figure A-35: Compressor Module 2 Fault Tree 

COMP2_RELEASE_FPS

Compressor Module 2 Release 

of FPs

V-55_SPO_OPEN

V-55 spuriously opens 
introducing radioactivity into 

Compressor module 2

V-55_BREACH

Possible breaches with V-55 

Open

7.20E-08COMP2_IN_FLANGE_LEAK

Compressor Module 2 Inlet 

Flange Leak

7.20E-08COMP2_OUT_FLANGE_LEAK

Compressor Module 2 Outlet 

Flange Leak

2.40E-07COMP2_VESSEL_BREACH

Compressor Module 2 Vessel  

Breach

7.20E-05V-58_LEAK

V-58 Leak

7.20E-05V-55_SPO

V-55 SPO Open

7.20E-05V-55_LEAK

V-55 Leak

7.20E-05V-59_LEAK

V-59 Leak
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Figure A-36: Loss of On-site Power Fault Tree 

LOSS_OF_ONSITE_POWER

Loss of On-Site Power (EDG 

Power Unavailable)

EDG_1_UNAVAILABLE

EDG 1 Unavailable

2.95E-02EDG1_FTR

EDG1 Fail to Run

4.32E-02EDG1_FTS

EDG1 Fail to Start

1.00E-02EDG1_FTLR

EDG1 Fail to Load/Run

EDG_2_UNAVAILABLE

EDG_2_Unavailable

2.95E-02EDG2_FTR

EDG2 Fail to Run

4.32E-02EDG2_FTS

EDG2 Fail to Start

1.00E-02EDG2_FTLR

EDG2 Fail to Load/Run
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APPENDIX E. Event Trees  
 

 
 

Figure A-37: LOCA Event Tree 

INIT-LOCA

LOCA

PCB_RELEASE

Release of FPs inside 

primary coolant boundary

CONT_RELEASE

Release of FPs in 

Containment Boundary

AUX_RELEASE

Release of FPs inside 

auxiliary building

# End State

(Phase - PH1)

1 OK

2 AUX-REL

3 CONT-REL

4 CONT-AUX-REL

5 PCB-REL

6 PCB-AUX-REL

7 PCB-CONT-REL

8 PCB-CONT-AUX-REL
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Figure A-38: Manifold Breach Event Tree 

INIT-RUPTURE_MANIFOLD

Rupture/Breach of 
Manifold prior to FP 

removal
PCB_RELEASE

Release of FPs inside 

primary coolant boundary

CONT_RELEASE_MAN

Release of FPs in 

Containment Boundary

AUX_RELEASE

Release of FPs inside 

auxiliary building

# End State

(Phase - PH1)

1 CONT-REL

2 CONT-AUX-REL

3 CONT-REL

4 CONT-AUX-REL

5 PCB-CONT-REL

6 PCB-CONT-AUX-REL

7 PCB-CONT-REL

8 PCB-CONT-AUX-REL
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Figure A-39: SBO Event Tree 

INIT-LOOP

Loss of Off-Site Power

LOSS_OF_ONSITE_POWER

Loss of On-Site Power 
(EDG Power 

Unavailable)
PCB_RELEASE

Release of FPs inside 

primary coolant boundary

CONT_RELEASE

Release of FPs in 

Containment Boundary

AUX_RELEASE

Release of FPs inside 

auxiliary building

# End State

(Phase - PH1)

1 OK

2 AUX-REL

3 CONT-REL

4 CONT-AUX-REL

5 PCB-REL

6 PCB-AUX-REL

7 PCB-CONT-REL

8 PCB-CONT-AUX-REL

SBO               

9 OK

10 AUX-REL

11 CONT-REL

12 CONT-AUX-REL

13 PCB-REL

14 PCB-AUX-REL

15 PCB-CONT-REL

16 PCB-CONT-AUX-REL
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Figure A-40: Reactivity Transient Event Tree 

 

INIT-TRANSIENT

Trainsient/Reactivity 

Excursion

PCB_RELEASE

Release of FPs inside 

primary coolant boundary

CONT_RELEASE

Release of FPs in 

Containment Boundary

AUX_RELEASE

Release of FPs inside 

auxiliary building

# End State

(Phase - PH1)

1 OK

2 AUX-REL

3 CONT-REL

4 CONT-AUX-REL

5 PCB-REL

6 PCB-AUX-REL

7 PCB-CONT-REL

8 PCB-CONT-AUX-REL
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APPENDIX F. SAPHIRE Results for Level 1 and Level 2  
 

Table A-1: Normal Operations: Fault Tree Results 

Name 

Cut 

Set 

Count 

Point 

Estimate 
Mean Median 5th 95th 

Standard 

Dev. 
Skew Kurtosis 

AUX_RELEASE 57 1.94E-03 1.94E-03 1.76E-03 1.00E-03 3.47E-03 8.88E-04 3.22E+00 2.83E+01 

COMP1_FAIL 5 1.47E-03 1.56E-03 7.43E-04 1.70E-04 5.06E-03 3.90E-03 1.90E+01 5.84E+02 

COMP1_RELEASE_FPS 6 2.16E-04 2.19E-04 1.44E-04 4.05E-05 6.15E-04 2.59E-04 5.57E+00 5.90E+01 

COMP2_FAIL 6 2.44E-02 2.50E-02 1.78E-02 1.27E-02 5.57E-02 2.98E-02 1.06E+01 1.83E+02 

COMP2_RELEASE_FPS 6 1.44E-04 1.44E-04 8.98E-05 2.11E-05 4.29E-04 2.05E-04 8.25E+00 1.32E+02 

CONT_RELEASE 58 1.95E-03 1.95E-03 1.76E-03 1.00E-03 3.47E-03 8.99E-04 3.54E+00 3.43E+01 

FPRS_CONT_RELEASE 33 7.21E-04 7.28E-04 5.93E-04 2.54E-04 1.63E-03 5.37E-04 4.25E+00 3.81E+01 

FPRS_FAIL 6703 3.57E-03 3.58E-03 3.35E-03 2.16E-03 5.73E-03 1.22E-03 2.44E+00 1.78E+01 

FPTS_BREACH 21 1.23E-03 1.23E-03 1.06E-03 5.24E-04 2.47E-03 7.06E-04 2.72E+00 1.58E+01 

FPTS_FAIL 42 2.37E-03 2.37E-03 2.16E-03 1.29E-03 4.16E-03 9.75E-04 2.19E+00 1.20E+01 

FPTS_RELEASE_FPS 25 1.23E-03 1.22E-03 1.06E-03 5.26E-04 2.48E-03 6.75E-04 2.51E+00 1.41E+01 

FUEL_SYSTEM_FAIL 4 2.56E-05 2.41E-05 1.06E-05 1.82E-06 8.94E-05 5.05E-05 1.05E+01 1.90E+02 

HTA1_FAIL 14 8.16E-04 8.28E-04 6.90E-04 3.05E-04 1.81E-03 5.70E-04 4.01E+00 3.65E+01 

HTA1_RELEASE 11 4.32E-04 4.29E-04 3.15E-04 1.02E-04 1.12E-03 4.03E-04 4.53E+00 4.83E+01 

HTA2_FAIL 15 5.24E-02 5.24E-02 4.61E-02 4.10E-02 8.32E-02 2.38E-02 8.76E+00 1.30E+02 

HTA2_RELEASE_FPS 8 1.56E-08 1.53E-08 5.24E-09 6.31E-10 5.66E-08 4.50E-08 1.70E+01 4.63E+02 

HTA3_FAIL 15 4.68E-02 4.60E-02 4.03E-02 3.54E-02 7.36E-02 2.23E-02 1.25E+01 3.16E+02 

HTA3_RELEASE_FPS 8 1.56E-08 1.60E-08 5.29E-09 6.46E-10 5.35E-08 8.62E-08 4.69E+01 2.76E+03 

LTA_HXR_FAIL 8 5.76E-04 5.69E-04 4.44E-04 1.70E-04 1.35E-03 5.15E-04 6.36E+00 8.15E+01 

LTA_HXR_RELEASE_FPS 13 5.76E-04 5.68E-04 4.42E-04 1.73E-04 1.36E-03 4.49E-04 3.83E+00 3.51E+01 

LTA_MODULES_2OF4 3420 1.27E-06 1.28E-06 8.66E-07 3.81E-07 3.17E-06 2.78E-06 4.17E+01 2.36E+03 

LTA1_FAIL 9 5.04E-04 5.00E-04 3.97E-04 1.72E-04 1.14E-03 4.19E-04 6.14E+00 8.06E+01 

LTA1_RELEASE_FPS 7 2.88E-04 2.85E-04 1.96E-04 5.43E-05 7.85E-04 3.17E-04 4.97E+00 4.65E+01 

LTA2_FAIL 9 5.04E-04 5.10E-04 4.08E-04 1.78E-04 1.17E-03 5.17E-04 2.24E+01 9.79E+02 

LTA2_RELEASE_FPS 7 2.88E-04 2.86E-04 1.93E-04 5.38E-05 7.91E-04 3.42E-04 7.33E+00 1.19E+02 

LTA3_FAIL 10 3.47E-02 3.52E-02 2.84E-02 2.36E-02 6.52E-02 2.73E-02 1.04E+01 1.78E+02 
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Name 

Cut 

Set 

Count 

Point 

Estimate 
Mean Median 5th 95th 

Standard 

Dev. 
Skew Kurtosis 

LTA3_RELEASE_FPS 8 1.44E-04 1.40E-04 7.76E-05 1.44E-05 4.53E-04 2.08E-04 5.62E+00 5.62E+01 

LTA4_FAIL 10 3.47E-02 3.49E-02 2.83E-02 2.35E-02 6.65E-02 2.49E-02 9.08E+00 1.39E+02 

LTA4_RELEASE_FPS 8 1.44E-04 1.41E-04 7.48E-05 1.31E-05 4.75E-04 2.15E-04 5.32E+00 4.76E+01 

PCB_ISO_SPO 14 1.01E-03 1.00E-03 8.52E-04 3.99E-04 2.11E-03 6.40E-04 3.32E+00 2.50E+01 

PCB_RELEASE 4 2.74E-06 2.76E-06 1.74E-06 4.91E-07 8.20E-06 3.73E-06 7.14E+00 9.98E+01 

AUX_RELEASE 57 1.94E-03 1.94E-03 1.76E-03 1.00E-03 3.47E-03 8.88E-04 3.22E+00 2.83E+01 

 

Table A-2: Accident Conditions: Fault Tree Results 

Name 

Cut 

Set 

Count 

Point 

Estimate 
Mean Median 5th 95th 

Standard 

Dev. 
Skew Kurtosis 

AUX_RELEASE 57 1.94E-03 1.94E-03 1.75E-03 9.92E-04 3.52E-03 8.64E-04 2.33E+00 1.24E+02 

COMP1_RELEASE_FPS 6 2.16E-04 2.17E-04 1.44E-04 4.04E-05 5.95E-04 3.17E-04 1.24E+01 4.52E+01 

COMP2_RELEASE_FPS 6 1.44E-04 1.40E-04 8.94E-05 2.18E-05 4.18E-04 1.79E-04 7.05E+00 8.83E+01 

CONT_RELEASE 58 1.95E-03 1.94E-03 1.74E-03 9.90E-04 3.50E-03 9.56E-04 4.51E+00 2.94E+01 

CONT_RELEASE_MAN 56 1.95E-03 1.95E-03 1.74E-03 9.92E-04 3.53E-03 9.26E-04 3.78E+00 2.58E+01 

FPTS_RELEASE_FPS 25 1.23E-03 1.21E-03 1.06E-03 5.29E-04 2.38E-03 7.16E-04 5.75E+00 1.52E+01 

FPTS_RELEASE_FPS_MAN 24 1.23E-03 1.22E-03 1.06E-03 5.29E-04 2.41E-03 6.79E-04 3.00E+00 3.57E+01 

FUEL_SYSTEM_RELEASE_FPS 3 1.56E-06 1.57E-06 9.18E-07 2.35E-07 4.79E-06 2.50E-06 8.23E+00 3.00E+02 

HTA1_RELEASE 11 4.32E-04 4.36E-04 3.27E-04 1.06E-04 1.11E-03 4.08E-04 4.39E+00 2.54E+02 

HTA2_RELEASE_FPS 8 1.56E-08 1.62E-08 5.30E-09 6.44E-10 5.76E-08 5.38E-08 1.66E+01 1.39E+01 

HTA3_RELEASE_FPS 8 1.56E-08 1.66E-08 5.20E-09 6.20E-10 5.05E-08 1.02E-07 3.91E+01 3.00E+01 

LOSS_OF_ONSITE_POWER 9 6.82E-03 6.69E-03 5.03E-03 1.21E-03 1.79E-02 5.70E-03 2.25E+00 8.95E+00 

LTA1_RELEASE_FPS 7 2.88E-04 2.89E-04 1.93E-04 5.30E-05 8.27E-04 3.44E-04 6.14E+00 9.57E+00 

LTA2_RELEASE_FPS 7 2.88E-04 2.93E-04 1.96E-04 5.27E-05 8.14E-04 4.31E-04 1.80E+01 8.64E+00 

LTA3_RELEASE_FPS 8 1.44E-04 1.46E-04 7.68E-05 1.34E-05 4.78E-04 2.49E-04 8.46E+00 1.00E+01 

LTA4_RELEASE_FPS 8 1.44E-04 1.44E-04 7.57E-05 1.35E-05 5.08E-04 2.11E-04 4.37E+00 9.29E+00 

LTA_HXR_RELEASE_FPS 13 5.76E-04 5.67E-04 4.53E-04 1.66E-04 1.30E-03 4.57E-04 5.12E+00 6.17E+00 

PCB_RELEASE 4 2.74E-06 2.76E-06 1.73E-06 5.01E-07 7.81E-06 3.91E-06 8.61E+00 5.29E+01 



186 

 

 

Table A-3: Accident Conditions: Event Tree Results 

IE End State 

Point 

Estimate 

(1/ Year) 

Cut Set 

Count 

Mean 

(1/ Year) 

Median 

(1/ Year) 

5th 

(1/ Year) 

95th 

(1/ Year) 

Standard 

Dev. 

(1/ Year) 

Skew Kurtosis 

L
O

C
A

 

Total 3.90E-07 1337 3.95E-07 1.39E-07 1.34E-08 1.47E-06 9.48E-07 9.86E+00 1.56E+02 

AUX-REL 1.94E-07 45 1.88E-07 6.79E-08 6.12E-09 7.07E-07 4.67E-07 9.98E+00 1.52E+02 

CONT-REL 1.95E-07 46 1.99E-07 6.82E-08 6.44E-09 7.77E-07 4.59E-07 8.01E+00 1.05E+02 

CONT-AUX-REL 3.79E-10 1026 3.99E-10 1.20E-10 1.00E-11 1.48E-09 1.45E-09 2.08E+01 6.69E+02 

PCB-REL 2.74E-10 4 2.45E-10 6.36E-11 4.56E-12 1.00E-09 7.63E-10 1.40E+01 3.27E+02 

PCB-AUX-REL 5.33E-13 108 5.79E-13 1.23E-13 7.46E-15 2.05E-12 2.76E-12 2.72E+01 1.05E+03 

PCB-CONT-REL 5.33E-13 108 5.53E-13 1.22E-13 7.89E-15 1.95E-12 2.40E-12 2.16E+01 7.00E+02 

PCB-CONT-AUX-REL 0.00E+00 0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

M
an

if
o

ld
 R

u
p

tu
re

 

Total 8.79E-05 1253 9.05E-05 3.21E-05 3.27E-06 3.08E-04 2.78E-04 1.77E+01 5.08E+02 

CONT-REL 8.76E-05 1 8.51E-05 3.36E-05 3.46E-06 3.17E-04 1.83E-04 8.08E+00 1.05E+02 

CONT-AUX-REL 1.70E-07 45 1.70E-07 5.91E-08 5.50E-09 6.37E-07 4.42E-07 1.18E+01 2.24E+02 

CONT-REL 1.71E-07 42 1.71E-07 5.84E-08 5.63E-09 6.59E-07 4.25E-07 1.10E+01 1.98E+02 

CONT-AUX-REL 3.32E-10 945 2.98E-10 1.05E-10 8.58E-12 1.12E-09 7.01E-10 8.45E+00 1.08E+02 

PCB-CONT-REL 2.40E-10 4 2.28E-10 5.88E-11 4.08E-12 8.35E-10 8.61E-10 1.63E+01 3.72E+02 

PCB-CONT-AUX-REL 4.67E-13 108 4.79E-13 1.11E-13 6.23E-15 1.83E-12 1.59E-12 1.19E+01 2.17E+02 

PCB-CONT-REL 4.67E-13 108 4.35E-13 1.07E-13 7.38E-15 1.65E-12 1.86E-12 2.45E+01 8.26E+02 

PCB-CONT-AUX-REL 0.00E+00 0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

L
O

O
P

 

Total 2.41E-04 11862 2.41E-04 1.83E-04 5.62E-05 6.18E-04 2.00E-04 2.83E+00 1.76E+01 

AUX-REL 1.19E-04 55 1.17E-04 8.70E-05 2.49E-05 3.08E-04 1.08E-04 3.43E+00 2.30E+01 

CONT-REL 1.20E-04 56 1.19E-04 8.80E-05 2.55E-05 3.13E-04 1.06E-04 3.26E+00 2.34E+01 

CONT-AUX-REL 2.33E-07 1743 2.36E-07 1.57E-07 3.88E-08 6.92E-07 2.98E-07 1.27E+01 3.98E+02 

PCB-REL 1.68E-07 4 1.71E-07 8.68E-08 1.63E-08 5.67E-07 3.05E-07 8.76E+00 1.34E+02 

PCB-AUX-REL 3.27E-10 164 3.30E-10 1.59E-10 2.37E-11 1.14E-09 6.57E-10 1.05E+01 1.82E+02 

PCB-CONT-REL 3.28E-10 151 3.44E-10 1.56E-10 2.66E-11 1.13E-09 8.15E-10 1.21E+01 2.18E+02 

PCB-CONT-AUX-REL 0.00E+00 0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

AUX-REL 8.17E-07 399 8.00E-07 4.57E-07 6.80E-08 2.65E-06 1.12E-06 4.61E+00 3.65E+01 

CONT-REL 8.18E-07 398 8.09E-07 4.42E-07 6.87E-08 2.72E-06 1.23E-06 7.57E+00 1.33E+02 

CONT-AUX-REL 1.59E-09 7614 1.56E-09 7.96E-10 1.12E-10 5.31E-09 2.56E-09 7.46E+00 1.10E+02 

PCB-REL 1.15E-09 36 1.10E-09 4.42E-10 4.56E-11 4.10E-09 2.17E-09 6.68E+00 7.59E+01 

PCB-AUX-REL 2.08E-12 621 2.13E-12 6.85E-13 6.50E-14 7.62E-12 8.31E-12 3.05E+01 1.31E+03 
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IE End State 

Point 

Estimate 

(1/ Year) 

Cut Set 

Count 

Mean 

(1/ Year) 

Median 

(1/ Year) 

5th 

(1/ Year) 

95th 

(1/ Year) 

Standard 

Dev. 

(1/ Year) 

Skew Kurtosis 

PCB-CONT-REL 2.08E-12 621 1.99E-12 6.80E-13 6.22E-14 7.88E-12 4.84E-12 9.20E+00 1.33E+02 

PCB-CONT-AUX-REL 0.00E+00 0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

T
ra

n
si

en
t 

Total 2.73E-03 4448 2.69E-03 9.67E-04 9.33E-05 1.04E-02 6.49E-03 1.15E+01 2.16E+02 

AUX-REL 1.36E-03 55 1.31E-03 4.61E-04 4.41E-05 5.01E-03 3.47E-03 1.67E+01 5.29E+02 

CONT-REL 1.36E-03 56 1.38E-03 4.86E-04 4.44E-05 5.29E-03 3.28E-03 9.79E+00 1.66E+02 

CONT-AUX-REL 2.65E-06 1809 2.83E-06 8.86E-07 6.88E-08 1.07E-05 9.46E-06 2.00E+01 6.01E+02 

PCB-REL 1.92E-06 4 1.97E-06 4.54E-07 3.26E-08 7.00E-06 8.77E-06 2.27E+01 7.26E+02 

PCB-AUX-REL 3.73E-09 167 3.47E-09 8.61E-10 5.62E-11 1.48E-08 9.92E-09 1.26E+01 3.04E+02 

PCB-CONT-REL 3.74E-09 170 4.22E-09 8.23E-10 5.25E-11 1.27E-08 4.56E-08 6.16E+01 4.12E+03 

PCB-CONT-AUX-REL 6.57E-12 2187 5.84E-12 1.20E-12 7.12E-14 2.44E-11 2.05E-11 1.18E+01 2.02E+02 

 Total 3.06E-03 18900 3.07E-03 1.35E-03 3.10E-04 1.04E-02 6.72E-03 1.09E+01 2.04E+02 
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APPENDIX G. Accident Progression Event Trees  
 

 

Figure A-41: Accident Progression Event Tree – SDS 1 

INIT-SDS-1

SDS 1- PCB-REL

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS1

Primary Coolant Boundary 
Intact- SDS 1

CONT_STATUS

Containment intact # End State
(Phase - PH1)

PCB Isolated                   

1 ABFGHJK

CONT Fail         
2 ABFHJK

PCB Fail         

3 ABGHJK

CONT Fail         
4 ABHJK

PCB Not Isolated                   

CONT Only Isolated             

5 ABFGHJK

CONT Fail         
6 ABFHJK

PCB Fail         

7 ABGHJK

CONT Fail         
8 ABHJK

LNC Fail          

9 ABFGHJK

CONT Fail         
10 ABFHJK

PCB Fail         

11 ABGHJK

CONT Fail         
12 ABHJK

HTA Iso Fail         

13 ABCFGHJK

CONT Fail         
14 ABCFHJK

PCB Fail         

15 ABCGHJK

CONT Fail         
16 ABCHJK

PCB and CONT Not Isolated                   

17 ABFGHJK

CONT Fail         
18 ABFHJK

PCB Fail         

19 ABGHJK

CONT Fail         
20 ABHJK

LNC Fail          

21 ABFGHJK

CONT Fail         
22 ABFHJK

PCB Fail         

23 ABGHJK

CONT Fail         
24 ABHJK

HTA Iso Fail         

25 ABCFGHJK

CONT Fail         
26 ABCFHJK

PCB Fail         

27 ABCGHJK

CONT Fail         
28 ABCHJK

LTA Iso Fail         

29 ABFGHJK

CONT Fail         
30 ABFHJK

PCB Fail         

31 ABGHJK

CONT Fail         
32 ABHJK

HTA Iso Fail         

33 ABCDEFGHJK

CONT Fail         
34 ABCDEFHJK

PCB Fail         

35 ABCDEGHJK

CONT Fail         
36 ABCDEHJK
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Figure A-42: Accident Progression Event Tree – SDS 2 

 

INIT-SDS-2

SDS 2- CONT-REL

CONT_REL_LOC

Containment Release 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS2

Primary Coolant Boundary 
Intact - SDS 2

CONT_STATUS

Containment intact # End State
(Phase - PH1)

BEFORE_HTA

PCB Isolated               

PCB and CONT Iso          

1 BGJK

CONT Fail     
2 BJK

LNC Fail     

3 BGJK

CONT Fail     
4 BJK

HTA Iso Fail     

5 BCGJK

CONT Fail     
6 BCJK

CONT not Isolated          

7 BGJK

CONT Fail     
8 BJK

LNC Fail     

9 BGJK

CONT Fail     
10 BJK

HTA Iso Fail     

11 BCGJK

CONT Fail     
12 BCJK

LTA Iso Fail     

13 BGJK

CONT Fail     
14 BJK

HTA Iso Fail     

15 BCDEGJK

CONT Fail     
16 BCDEJK

PCB Not Isolated               

CONT Only Isolated         

17 ABGHJK

CONT Fail     
18 ABHJK

LNC Fail     

19 ABGHJK

CONT Fail     
20 ABHJK

HTA Iso Fail     

21 ABCGHJK

CONT Fail     
22 ABCHJK

PCB and CONT Not Isolated               

23 ABGHJK

CONT Fail     
24 ABHJK

LNC Fail     

25 ABGHJK

CONT Fail     
26 ABHJK

HTA Iso Fail     

27 ABCGHJK

CONT Fail     
28 ABCHJK

LTA Iso Fail     

29 ABGHJK

CONT Fail     
30 ABHJK

HTA Iso Fail     

31 ABCDEGHJK

CONT Fail     
32 ABCDEHJK

HTA_MODULE

PCB Isolated     

PCB and CONT Iso     

33 BCGJK

CONT Fail     
34 BCJK

CONT Not Iso     

35 BCGJK

CONT Fail     
36 BCJK

LNC Fail     

37 BCGJK

CONT Fail     
38 BCJK

LTA Iso Fail     

39 BCDEGJK

CONT Fail     
40 BCDEJK

PCB Not Isolated     

CONT Only Iso     

41 ABCGHJK

CONT Fail     
42 ABCHJK

PCB and CONT not Iso     

43 ABCGHJK

CONT Fail     
44 ABCHJK

LNC Fail     

45 ABCGHJK

CONT Fail     
46 ABCHJK

LTA Iso Fail     

47 ABCDEGHJK

CONT Fail     
48 ABCDEHJK

AFTER_HTA

PCB Isolated     

PCB and CONT Iso     

49 DGJK

CONT Fail     
50 DJK

LNC Fail     

51 DGJK

CONT Fail     
52 DJK

HTA Iso Fail    

53 CDGJK

CONT Fail     
54 CDJK

CONT not Iso     

55 DGJK

CONT Fail     
56 DJK

LNC Fail     

57 DGJK

CONT Fail     
58 DJK

HTA Iso Fail     

59 CDGJK

CONT Fail     
60 CDJK

LTA Iso Fail     

61 DEGJK

CONT Fail     
62 DEJK

HTA Iso Fail     

63 CDEGJK

CONT Fail     
64 CDEJK

PCB Not Isolated     

CONT only iso     

65 DGJK

CONT Fail     
66 DJK

LNC Fail     

67 DGJK

CONT Fail     
68 DJK

HTA Iso Fail     

69 CDGJK

CONT Fail     
70 CDJK

PCB and CONT not iso     

71 DGJK

CONT Fail     
72 DJK

LNC Fail     

73 DGJK

CONT Fail     
74 DJK

HTA Iso Fail     

75 CDGJK

CONT Fail     
76 CDJK

LTA Iso Fail     

77 DEGJK

CONT Fail     
78 DEJK

HTA Iso Fail     

79 CDEGJK

CONT Fail     
80 CDEJK

HTA_RETURN

81 NO_REL
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Figure A-43: Accident Progression Event Tree – SDS 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INIT-SDS-3

SDS 3- AUX-REL

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS3

Primary Coolant Boundary 
Intact- SDS 3

CONT_STATUS

Containment intact # End State
(Phase - PH1)

BEFORE_LTA

Before LTA       

PCB Isolated                     

PCB and CONT Iso                

1 D

LNC Fail            

2 D

LTA Iso Fail           
3 DE

CONT not Isolated                

4 D

LNC Fail            

5 D

HTA Iso Fail           
6 CD

LTA Iso Fail           

7 DE

HTA Iso Fail           
8 CDE

PCB Not Isolated                     

CONT Only Isolated               

9 D

LNC Fail            

10 D

LTA Iso Fail           
11 DE

PCB and CONT Not Isolated                     

12 D

LNC Fail            

13 D

HTA Iso Fail           
14 CD

LTA Iso Fail           

15 DE

HTA Iso Fail           
16 CDE

LTA_BOTH

LTA       

PCB Isolated       

CONT Only Isolated       
17 DE

CONT Not Isolated       

18 DE

LNC Fail     

19 DE

HTA Iso Fail     
20 CDE

PCB Not Isolated       

CONT only Isolated       
21 DE

PCB and CONT Not Isolated       

22 DE

LNC Fail     

23 DE

HTA Iso Fail     
24 CDE

AFTER_LTA

After LTA       
25 NO_REL
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Figure A-44: Accident Progression Event Tree – SDS 4 

INIT-SDS-4

SDS 4- PCB-CONT-REL

CONT_REL_LOC

Containment Release 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS4

Primary Coolant Boundary 
Intact- SDS 4

CONT_STATUS

Containment intact # End State
(Phase - PH1)

BEFORE_HTA

PCB Isolated          

PCB and CONT Iso          

1 ABFGHJK

CONT Fail 
2 ABFHJK

PCB Fail 

3 ABGHJK

CONT Fail 
4 ABHJK

LNC Fail          

5 ABFGHJK

CONT Fail 
6 ABFHJK

PCB Fail 

7 ABGHJK

CONT Fail 
8 ABHJK

HTA Iso Fail          

9 ABCFGHJK

CONT Fail 
10 ABCFHJK

PCB Fail          

11 ABCGHJK

CONT Fail          
12 ABCHJK

CONT Not Isolated          

13 ABFGHJK

CONT Fail 
14 ABFHJK

PCB Fail 

15 ABGHJK

CONT Fail 
16 ABHJK

LNC Fail          

17 ABFGHJK

CONT Fail 
18 ABFHJK

PCB Fail 

19 ABGHJK

CONT Fail 
20 ABHJK

HTA Iso Fail          

21 ABCFGHJK

CONT Fail 
22 ABCFHJK

PCB Fail 

23 ABCGHJK

CONT Fail 
24 ABCHJK

LTA Iso Fail          

25 ABFGHJK

CONT Fail 
26 ABFHJK

PCB Fail 

27 ABGHJK

CONT Fail 
28 ABHJK

HTA Iso Fail          

29 ABCDEFGHJK

CONT Fail 
30 ABCDEFHJK

PCB Fail 

31 ABCDEGHJK

CONT Fail 
32 ABCDEHJK

PCB Not Isolated          

CONT Only Isolated          

33 ABGHJK

CONT Fail 
34 ABHJK

LNC Fail          

35 ABGHJK

CONT Fail 
36 ABHJK

HTA Iso Fail          

37 ABCGHJK

CONT Fail 
38 ABCHJK

PCB and CONT Not Isolated          

39 ABGHJK

CONT Fail 
40 ABHJK

LNC Fail          

41 ABGHJK

CONT Fail 
42 ABHJK

HTA Iso Fail          

43 ABCGHJK

CONT Fail 
44 ABCHJK

45 ABGHJK

CONT Fail 
46 ABHJK

HTA Iso Fail          

47 ABCDEGHJK

CONT Fail 
48 ABCDEHJK

HTA_MODULE

PCB Isolated         

PCB and CONT Iso         

49 ABCFGHJK

CONT Fail 
50 ABCFHJK

PCB Fail 

51 ABCGHJK

CONT Fail 
52 ABCHJK

CONT Not Iso         

53 ABCFGHJK

CONT Fail 
54 ABCFHJK

PCB Fail 

55 ABCGHJK

CONT Fail 
56 ABCHJK

LNC Fail         

57 ABCFGHJK

CONT Fail 
58 ABCFHJK

PCB Fail 

59 ABCGHJK

CONT Fail 
60 ABCHJK

LTA Iso Fail         

61 ABCDEFGHJK

CONT Fail 
62 ABCDEFHJK

PCB Fail 

63 ABCDEGHJK

CONT Fail 
64 ABCDEHJK

PCB Not Isolated         

CONT Only Iso         

65 ABCGHJK

CONT Fail 
66 ABCHJK

PCB and CONT Not Isolated         

67 ABCGHJK

CONT Fail 
68 ABCHJK

LNC Fail         

69 ABCGHJK

CONT Fail 
70 ABCHJK

LTA Iso Fail         

71 ABCDEGHJK

CONT Fail 
72 ABCDEHJK

AFTER_HTA

PCB Isolated         

PCB and CONT Iso         

73 ABDFGHJK

CONT Fail 
74 ABDFHJK

PCB Fail         

75 ABDGHJK

CONT Fail 
76 ABDHJK

LNC Fail         

77 ABDFGHJK

CONT Fail 
78 ABDFHJK

PCB Fail 

79 ABDGHJK

CONT Fail 
80 ABDHJK

HTA iso Fail         

81 ABCDFGHJK

CONT Fail 
82 ABCDFHJK

PCB Fail 

83 ABCDGHJK

CONT Fail         
84 ABCDHJK

CONT Not Iso         

85 ABDFGHJK

CONT Fail 
86 ABDFHJK

PCB Fail         

87 ABDGHJK

CONT Fail 
88 ABDHJK

LNC Fail         

89 ABDFGHJK

CONT Fail 
90 ABDFHJK

PCB Fail 

91 ABDGHJK

CONT Fail 
92 ABDHJK

HTA Iso Fail         

93 ABCDFGHJK

CONT Fail 
94 ABCDFHJK

PCB Fail 

95 ABCDGHJK

CONT Fail 
96 ABCDHJK

LTA iso Fail         

97 ABDEFGHJK

CONT Fail 
98 ABDEGHJK

PCB Fail 

99 ABDEGHJK

CONT Fail 
100 ABDEHJK

HTA Iso Fail         

101 ABCDEFGHJK

CONT Fail 
102 ABCDEGHJK

PCB Fail 

103 ABCDEGHJK

CONT Fail 
104 ABCDEHJK

PCB Not Isolated         

CONT Only Iso         

105 ABDFGHJK

CONT Fail 
106 ABDFGHJK

PCB Fail         

107 ABDGHJK

CONT Fail 
108 ABDHJK

LNC Fail         

109 ABDFGHJK

CONT Fail 
110 ABDFHJK

PCB Fail 

111 ABDGHJK

CONT Fail 
112 ABDHJK

HTA Iso Fail         

113 ABCDFGHJK

CONT Fail 
114 ABCDFHJK

PCB Fail 

115 ABCDGHJK

CONT Fail         
116 ABCDHJK

PCB and CONT Not Iso         

117 ABDFGHJK

CONT Fail 
118 ABDFHJK

PCB Fail         

119 ABDGHJK

CONT Fail 
120 ABDHJK

LNC Fail         

121 ABDFGHJK

CONT Fail 
122 ABDFHJK

PCB Fail 

123 ABDGHJK

CONT Fail 
124 ABDHJK

HTA Iso Fail         

125 ABCDFGHJK

CONT Fail 
126 ABCDFHJK

PCB Fail 

127 ABCDGHJK

CONT Fail 
128 ABCDHJK

LTA Iso Fail         

129 ABDEFGHJK

CONT Fail 
130 ABDEFHJK

PCB Fail 

131 ABDEGHJK

CONT Fail 
132 ABDEHJK

HTA Iso Fail         

133 ABCDEFGHJK

CONT Fail 
134 ABCDEFHJK

PCB Fail         

135 ABCDEGHJK

CONT Fail         
136 ABCDEHJK

HTA_RETURN

137 ABFGHJK

CONT Fail 
138 ABFHJK

PCB Fail         

139 ABGHJK

CONT Fail 
140 ABHJK
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Figure A-45: Accident Progression Event Tree – SDS 5 

INIT-SDS-5

SDS 5- PCB-AUX-REL

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS5

Primary Coolant Boundary 
Intact- SDS 5

CONT_STATUS

Containment intact # End State
(Phase - PH1)

BEFORE_LTA

PCB Isolated      

PCB and CONT Iso      

1 ABFGHJKXD

CONT Fail      
2 ABFHJKXD

PCB Fail      

3 ABGHJKXD

CONT Fail      
4 ABHJXKD

LNC Fail      

5 ABFGHJKXD

CONT Fail      
6 ABFHJKXD

PCB Fail 

7 ABGHJKXD

CONT Fail      
8 ABHJKXD

LTA iso Fail      

9 ABFGHJKXDE

CONT Fail      
10 ABFHJKXDE

PCB Fail      

11 ABGHJKXDE

CONT Fail      
12 ABHJKXDE

CONT Not Iso      

13 ABFGHJKXD

CONT Fail      
14 ABFHJKXD

PCB Fail 

15 ABGHJKXD

CONT Fail      
16 ABHJKXD

LNC Fail      

17 ABFGHJKXD

CONT Fail      
18 ABFHJKXD

PCB Fail      

19 ABGHJKXD

CONT Fail      
20 ABHJKXD

HTA Iso Fail      

21 ABFGHJKXCD

CONT Fail      
22 ABFHJKXCD

PCB Fail 

23 ABGHJKXCD

CONT Fail      
24 ABHJKXCD

LTA Iso Fail      

25 ABFGHJKXDE

CONT Fail      
26 ABFHJKXDE

PCB Fail 

27 ABGHJKXDE

CONT Fail      
28 ABHJKXDE

HTA Iso Fail 

29 ABFGHJKXCDE

CONT Fail      
30 ABGHJKXCDE

PCB Fail 

31 ABFHJKXCDE

CONT Fail      
32 ABHJKXCDE

PCB Not Isolated      

CONT Only Iso      

33 ABFGHJKXD

CONT Fail      
34 ABFHJKXD

PCB Fail      

35 ABGHJKXD

CONT Fail      
36 ABHJKXD

LNC Fail      

37 ABFGHJKXD

CONT Fail      
38 ABFHJKXD

PCB Fail 

39 ABGHJKXD

CONT Fail      
40 ABHJKXD

LTA Iso Fail      

41 ABFGHJKXDE

CONT Fail      
42 ABFHJKXDE

PCB Fail 

43 ABGHJKXDE

CONT Fail      
44 ABHJKXDE

HTA Iso Fail      

45 ABCFGHJKXDE

CONT Fail      
46 ABCFHJKXDE

PCB Fail      

47 ABCGHJKXDE

CONT Fail      
48 ABCHJKXDE

PCB and CONT Not Iso      

49 ABFGHJKXD

CONT Fail      
50 ABFHJKXD

PCB Fail      

51 ABGHJKXD

CONT Fail      
52 ABHJKXD

LNC Fail      

53 ABFGHJKXD

CONT Fail      
54 ABFHJKXD

PCB Fail      

55 ABGHJKXD

CONT Fail      
56 ABHJKXD

HTA Iso Fail      

57 ABFGHJKXCD

CONT Fail      
58 ABFHJKXCD

PCB Fail      

59 ABGHJKXCD

CONT Fail      
60 ABHJKXCD

LTA Iso Fail      

61 ABFGHJKXDE

CONT Fail      
62 ABFHJKXDE

PCB Fail 

63 ABGHJKXDE

CONT Fail      
64 ABHJKXDE

HTA Iso Fail      

65 ABFGHJKXCDE

CONT Fail      
66 ABFHJKXCDE

PCB Fail      

67 ABGHJKXCDE

CONT Fail      
68 ABHJKXCDE

LTA_BOTH

PCB Isolated      

PCB and CONT Iso      

69 ABFGHJKXDE

CONT Fail      
70 ABFHJKXDE

PCB Fail      

71 ABGHJKXDE

CONT Fail      
72 ABHJKXDE

CONT Not Iso      

73 ABFGHJKXDE

CONT Fail      
74 ABFHJKXDE

PCB Fail 

75 ABGHJKXDE

CONT Fail      
76 ABHJKXDE

LNC Fail      

77 ABFGHJKXDE

CONT Fail      
78 ABFHJKXDE

PCB Fail 

79 ABGHJKXDE

CONT Fail      
80 ABHJKXDE

HTA Iso Fail      

81 ABFGHJKXCDE

CONT Fail      
82 ABFHJKXCDE

PCB Fail 

83 ABGHJKXCDE

CONT Fail      
84 ABHJKXCDE

AFTER_LTA

85 ABFGHJK

CONT Fail      
86 ABFHJK

PCB Fail      

87 ABGHJK

CONT Fail      
88 ABHJK
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Figure A-46: Accident Progression Event Tree – SDS 6-1 

INIT-SDS-6

SDS 6- CONT-AUX-REL

CONT_REL_LOC-1

Containment Release 
Location Fraction

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS6

Primary Coolant Boundary 
Intact- SDS 6

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location     
1 NA

Before HTA        

BEFORE_LTA

PCB Isolated        

2 BGJKXD

CONT Fail        
3 BJKXD

LNC Fail        

4 BGJKXD

CONT Fail        
5 BJKXD

HTA Iso Fail        

6 BCGJKXD

CONT Fail        
7 BCJKXD

LTA Iso Fail        

8 BGJKXDE

CONT Fail        
9 BJKXDE

HTA Iso Fail        

10 BCGJKXDE

CONT Fail        
11 BCJKXDE

PCB Not Isolated        

12 ABGHJKXD

CONT Fail        
13 ABHJKXD

LNC Fail        

14 ABGHJKXD

CONT Fail        
15 ABHJKXD

HTA Iso Fail        

16 ABCGHJKXD

CONT Fail        
17 ABCHJKXD

LTA Iso Fail        

18 ABGHJKXDE

CONT Fail        
19 ABHJKXDE

HTA Iso Fail        

20 ABCGHJKXDE

CONT Fail        
21 ABCHJKXDE

PCB and CONT Not Isolated        

22 ABGHJKXD

CONT Fail        
23 ABHJKXD

LNC Fail        

24 ABGHJKXD

CONT Fail        
25 ABHJKXD

HTA Iso Fail        

26 ABGHJKXCD

CONT Fail        
27 ABHJKXCD

LTA Iso fail        

28 ABGHJKXDE

CONT Fail        
29 ABHJKXDE

HTA Iso Fail        

30 ABGHJKXCDE

CONT Fail        
31 ABHJKXCDE

LTA_BOTH

PCB Isolated        

PCB and CONT Isolated        

32 BGJKXDE

CONT Fail      
33 BJKXDE

LNC Fail        

34 BGJKXDE

CONT Fail      
35 BJKXDE

HTA Iso Fail        

36 BCGJKXDE

CONT Fail      
37 BCJKXDE

CONT Not Isolated        

38 BGJKXDE

CONT Fail      
39 BJKXDE

LNC Fail        

40 BGJKXDE

CONT Fail      
41 BJKXDE

HTA Iso Fail        

42 BGJKXCDE

CONT Fail      
43 BJKXCDE

PCB Not Isolated        

CONT Only Isolated        

44 ABGHJKXDE

CONT Fail      
45 ABHJKXDE

LNC Fail        

46 ABGHJKXDE

CONT Fail      
47 ABHJKXDE

HTA Iso Fail        

48 ABCGHJKXDE

CONT Fail      
49 ABCHJKXDE

PCB and CONT Not Isolated        

50 ABGHJKXDE

CONT Fail      
51 ABHJKXDE

LNC Fail        

52 ABGHJKXDE

CONT Fail     
53 ABHJKXDE

HTA Iso Fail        

54 ABGHJKXCDE

CONT Fail     
55 ABHJKXCDE

AFTER_LTA

PCB Isolated        

PCB and CONT Iso        

56 BGJK

CONT Fail     
57 BJK

LNC Fail        

58 BGJK

CONT Fail     
59 BJK

HTA Iso Fail        

60 BCGJK

CONT Fail     
61 BCJK

CONT not Isolated        

62 BGJK

CONT Fail     
63 BJK

LNC Fail        

64 BGJK

CONT Fail     
65 BJK

HTA Iso Fail        

66 BCGJK

CONT Fail     
67 BCJK

LTA Iso Fail        

68 BGJK

CONT Fail     
69 BCJK

HTA Iso Fail        

70 BCDEGJK

CONT Fail     
71 BCDEJK

PCB Not Isolated        

CONT Only Isolated        

72 ABGHJK

CONT Fail     
73 ABHJK

LNC Fail        

74 ABGHJK

CONT Fail     
75 ABHJK

HTA Iso Fail        

76 ABCGHJK

CONT Fail     
77 ABCHJK

PCB and CONT Not Iso        

78 ABGHJK

CONT Fail     
79 ABHJK

LNC Fail        

80 ABGHJK

CONT Fail     
81 ABHJK

HTA Iso Fail        

82 ABCGHJK

CONT Fail     
83 ABCHJK

LTA Iso Fail        

84 ABGHJK

CONT Fail     
85 ABHJK

HTA Iso Fail        

86 ABCDEGHJK

CONT Fail     
87 ABCDEHJK
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Figure A-47: Accident Progression Event Tree – SDS 6-2 

INIT-SDS-6

SDS 6- CONT-AUX-REL

CONT_REL_LOC-2

Containment Release 
Location Fraction

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS6

Primary Coolant Boundary 
Intact- SDS 6

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location      
1 NA

HTA Module      

BEFORE_LTA

PCB Isolated         

PCB and CONT Iso      

2 BCGJKXD

CONT Fail         
3 BCJKXD

LNC Fail         

4 BCGJKXD

CONT Fail         
5 BCJKXD

LTA Iso Fail         

6 BCGJKXDE

CONT Fail         
7 BCJKXDE

CONT Not Iso      

8 BGJKXCD

CONT Fail         
9 BJKXCD

LNC Fail      

10 BGJKXCD

CONT Fail         
11 BJKXCD

LTA Iso Fail      

12 BGJKXCDE

CONT Fail         
13 BJKXCDE

PCB Not Isolated         

CONT Only Iso      

14 ABCGHJKXD

CONT Fail         
15 ABCHJKXD

LNC Fail         

16 ABCGHJKXD

CONT Fail         
17 ABCHJKXD

LTA Iso Fail         

18 ABCGHJKXDE

CONT Fail         
19 ABCHJKXDE

PCB and CONT Not Isolated         

20 ABCGHJKXD

CONT Fail         
21 ABCHJKXD

LNC Fail         

22 ABCGHJKXD

CONT Fail         
23 ABCHJKXD

LTA Iso fail         

24 ABGHJKXCDE

CONT Fail         
25 ABHJKXCDE

LTA_BOTH

PCB Isolated         

PCB and CONT Isolated         

26 BCGJKXDE

CONT Fail         
27 BCJKXDE

CONT Not Isolated         

28 BGJKXCDE

CONT Fail         
29 BJKXCDE

PCB Not Isolated         

CONT Only Isolated         

30 ABCGHJKXDE

CONT Fail         
31 ABCHJKXDE

PCB and CONT Not Isolated         

32 ABGHJKXCDE

CONT Fail         
33 ABHJKXCDE

AFTER_LTA

PCB Isolated         

PCB and CONT Iso         

34 BCGJK

CONT Fail     
35 BCJK

CONT not Isolated         

36 BCGJK

CONT Fail     
37 BCJK

LNC Fail         

38 BCGJK

CONT Fail     
39 BCJK

LTA Iso Fail         

40 BCDEGJK

CONT Fail     
41 BCDEJK

PCB Not Isolated         

CONT Only Isolated         

42 ABCGHJK

CONT Fail     
43 ABCHJK

PCB and CONT Not Iso         

44 ABCGHJK

CONT Fail     
45 ABCHJK

LNC Fail         

46 ABCGHJK

CONT Fail     
47 ABCHJK

LTA Iso Fail         

48 ABCDEGHJK

CONT Fail     
49 ABCDEHJK
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Figure A-48: Accident Progression Event Tree – SDS 6-3 

 

INIT-SDS-6

SDS 6- CONT-AUX-REL

CONT_REL_LOC-3

Containment Release 
Location Fraction

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS6

Primary Coolant Boundary 
Intact- SDS 6

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location         
1 NA

After HTA    

BEFORE_LTA

CONT Iso         

2 D

LNC Fail            

3 D

HTA Iso Fail       

4 CGJKXD

CONT Fail       
5 CJKXD

LTA Iso Fail            

6 DE

HTA Iso Fail       

7 CGJKXDE

CONT Fail       
8 CJKXD

CONT Not Iso         

9 D

LNC Fail         

10 D

LTA Iso Fail         

11 DE

HTA Iso Fail       
12 CDE

LTA_BOTH

13 DE

LNC Fail       

14 DE

HTA Iso Fail       

15 CGJKXDE

CONT Fail       
16 CHJKXDE

CONT Not Iso 

17 DE

LNC Fail 

18 DE

HTA Iso Fail 
19 CDE

AFTER_LTA

PCB Isolated            

PCB and CONT Iso            

20 DJK

LNC Fail       

21 DGJK

CONT Fail     
22 DJK

HTA Iso Fail       

23 CDGJK

CONT Fail     
24 CDJK

CONT not Isolated            

25 DGJK

CONT Fail     
26 DJK

LNC Fail            

27 DGJK

CONT Fail     
28 DJK

HTA Iso       

29 CDGJK

CONT Fail     
30 CDJK

LTA Iso Fail

31 DEGJK

CONT Fail     
32 DEJK

HTA Iso       

33 CDEGJK

CONT Fail     
34 CDEJK

PCB Not Isolated            

CONT Only Isolated            

35 DGJK

CONT Fail     
36 DJK

LNC Fail       

37 DGJK

CONT Fail     
38 DJK

HTA Iso       

39 CDGJK

CONT Fail     
40 CDJK

PCB and CONT Not Iso            

41 DGJK

CONT Fail     
42 DJK

LNC Fail            

43 DGJK

CONT Fail     
44 DJK

HTA Iso       

45 CDGJK

CONT Fail     
46 CDJK

LTA Iso Fail            

47 CDGJK

CONT Fail     
48 CDJK

HTA iso       

49 CDEGJK

CONT Fail     
50 CDEJK
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Figure A-49: Accident Progression Event Tree – SDS 6-4 

 

INIT-SDS-6

SDS 6- CONT-AUX-REL

CONT_REL_LOC-4

Containment Release 
Location Fraction

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS6

Primary Coolant Boundary 
Intact- SDS 6

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location      
1 NA

HTA Return  

BEFORE_LTA

PCB Isolated   

PCB and CONT Iso      

2 D

LNC Fail         

3 D

LTA Iso Fail         
4 DE

CONT Not Iso      

5 D

LNC Fail      

6 D

HTA Iso Fail   
7 CD

LTA Iso Fail      

8 DE

HTA Iso Fail    
9 CDE

PCB Not Isolated   

CONT Only Iso   

10 D

LNC Fail   

11 D

LTA Iso Fail   HTA iso Fail   
12 DE

PCB and CONT Not Iso   

13 D

LNC Fail   

14 D

HTA iso fail   
15 CD

LTA Iso Fail   

16 DE

HTA Iso Fail   
17 CDE

LTA_BOTH

CONT Iso   
18 DE

CONT Not Iso   

19 DE

LNC Fail   

20 DE

HTA Iso Fail   
21 CDE

AFTER_LTA

22 NO-REL
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Figure A-50: Accident Progression Event Tree – SDS 7-1 

INIT-SDS-7

SDS 7- PCB-CONT-AUX-REL

CONT_REL_LOC-1

Containment Release 
Location Fraction

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS7

Primary Coolant Boundary 
Intact- SDS 7

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location     
1 NA

Before HTA        

BEFORE_LTA

PCB Isolated        

2 ABFGHJKXD

CONT Fail        
3 ABFHJKXD

PCB Fail  

4 ABGHJKXD

5 ABHJKXD

LNC Fail        

6 ABFGHJKXD

CONT Fail        
7 ABFHJKXD

8 ABGHJKXD

9 ABHJKXD

HTA Iso Fail        

10 ABCFGHJKXD

CONT Fail        
11 ABCFHJKXD

12 ABCGHJKXD

13 ABCHJKXD

LTA Iso Fail        

14 ABFGHJKXDE

CONT Fail        
15 ABFHJKXDE

16 ABGHJKXDE

17 ABHJKXDE

HTA Iso Fail        

18 ABCFGHJKXDE

CONT Fail        
19 ABCFHJKXDE

20 ABCGHJKXDE

21 ABCHJKXDE

PCB Not Isolated        

22 ABGHJKXD

CONT Fail        
23 ABHJKXD

LNC Fail        

24 ABGHJKXD

CONT Fail        
25 ABHJKXD

HTA Iso Fail        

26 ABCGHJKXD

CONT Fail        
27 ABCHJKXD

LTA Iso Fail        

28 ABGHJKXDE

CONT Fail        
29 ABHJKXDE

HTA Iso Fail        

30 ABCGHJKXDE

CONT Fail        
31 ABCHJKXDE

PCB and CONT Not Isolated        

32 ABGHJKXD

CONT Fail        
33 ABHJKXD

LNC Fail        

34 ABGHJKXD

CONT Fail        
35 ABHJKXD

HTA Iso Fail        

36 ABGHJKXCD

CONT Fail        
37 ABHJKXCD

LTA Iso fail        

38 ABGHJKXDE

CONT Fail        
39 ABHJKXDE

HTA Iso Fail        

40 ABGHJKXCDE

CONT Fail        
41 ABHJKXCDE

LTA_BOTH

PCB Isolated        

PCB and CONT Isolated        

42 ABFGHJKXDE

43 ABFHJKXDE

44 ABGHJKXDE

45 ABHJKXDE

LNC Fail        

46 ABFGHJKXDE

47 ABFHJKXDE

48 ABGHJKXDE

49 ABHJKXDE

HTA Iso Fail        

50 ABCFGHJKXDE

51 ABCFHJKXDE

52 ABCGHJKXDE

53 ABCHJKXDE

CONT Not Isolated        

54 ABFGHJKXDE

55 ABFHJKXDE

56 ABGHJKXDE

57 ABHJKXDE

LNC Fail        

58 ABFGHJKXDE

59 ABFHJKXDE

60 ABGHJKXDE

61 ABHJKXDE

HTA Iso Fail        

62 ABFGHJKXCDE

63 ABFHJKXCDE

64 ABGHJKXCDE

65 ABHJKXCDE

PCB Not Isolated        

CONT Only Isolated        

66 ABGHJKXDE

67 ABHJKXDE

LNC Fail        

68 ABGHJKXDE

69 ABHJKXDE

HTA Iso Fail        

70 ABCGHJKXDE

71 ABCHJKXDE

PCB and CONT Not Isolated        

72 ABGHJKXDE

73 ABHJKXDE

LNC Fail        

74 ABGHJKXDE

75 ABHJKXDE

HTA Iso Fail        

76 ABGHJKXCDE

77 ABHJKXCDE

AFTER_LTA

PCB Isolated        

PCB and CONT Iso        

78 ABFGHJK

79 ABFHJK

80 ABGHJK

81 ABHJK

LNC Fail        

82 ABFGHJK

83 ABFHJK

84 ABGHJK

85 ABHJK

HTA Iso Fail        

86 ABCFGHJK

87 ABCFHJK

88 ABCGHJK

89 ABCHJK

CONT not Isolated        

90 ABFGHJK

91 ABFHJK

92 ABGHJK

93 ABHJK

LNC Fail        

94 ABFGHJK

95 ABFHJK

96 ABGHJK

97 ABHJK

HTA Iso Fail        

98 ABCFGHJK

99 ABCFHJK

100 ABCGHJK

101 ABCHJK

LTA Iso Fail        

102 ABFGHJK

103 ABCFHJK

104 ABCGHJJK

105 ABCHJK

HTA Iso Fail        

106 ABCDFEGHJK

107 ABCDEFHJK

108 ABCDEGHJK

109 ABCDEHJK

PCB Not Isolated        

CONT Only Isolated        

110 ABGHJK

111 ABHJK

LNC Fail        

112 ABGHJK

113 ABHJK

HTA Iso Fail        

114 ABCGHJK

115 ABCHJK

PCB and CONT Not Iso        

116 ABGHJK

117 ABHJK

LNC Fail        

118 ABGHJK

119 ABHJK

HTA Iso Fail        

120 ABCGHJK

121 ABCHJK

LTA Iso Fail        

122 ABGHJK

123 ABHJK

HTA Iso Fail        

124 ABCGHJK

125 ABCHJK
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Figure A-51: Accident Progression Event Tree – SDS 7-2 

INIT-SDS-7

SDS 7- PCB-CONT-AUX-REL

CONT_REL_LOC-2

Containment Release 
Location Fraction

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS7

Primary Coolant Boundary 
Intact- SDS 7

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location     
1 NA

HTA Module     

BEFORE_LTA

PCB Isolated        

PCB and CONT Iso     

2 ABCFGHJKXD

CONT Fail        
3 ABCFHJKXD

4 ABCGHJKXD

5 ABCHJKXD

LNC Fail        

6 ABCFGHJKXD

CONT Fail        
7 ABCFHJKXD

8 ABCGHJKXD

9 ABCHJKXD

LTA Iso Fail        

10 ABCFGHJKXDE

CONT Fail        
11 ABCFHJKXDE

12 ABCGHJKXDE

13 ABCHJKXDE

CONT Not Iso     

14 ABFGHJKXCD

CONT Fail        
15 ABFHJKXCD

16 ABGHJKXCD

17 ABHJKXCD

LNC Fail     

18 ABFGHJKXCD

CONT Fail        
19 ABFHJKXCD

20 ABGHJKXCD

21 ABHJKXCD

LTA Iso Fail     

22 ABFGHJKXCDE

CONT Fail        
23 ABFHJKXCDE

24 ABGHJKXCDE

25 ABHJKXCDE

PCB Not Isolated        

CONT Only Iso     

26 ABCGHJKXD

CONT Fail        
27 ABCHJKXD

LNC Fail        

28 ABCGHJKXD

CONT Fail        
29 ABCHJKXD

LTA Iso Fail        

30 ABCGHJKXDE

CONT Fail        
31 ABCHJKXDE

PCB and CONT Not Isolated        

32 ABGHJKXCD

CONT Fail        
33 ABHJKXCD

LNC Fail        

34 ABGHJKXCD

CONT Fail        
35 ABHJKXCD

LTA Iso fail        

36 ABGHJKXCDE

CONT Fail        
37 ABHJKXCDE

LTA_BOTH

PCB Isolated        

PCB and CONT Isolated        

38 ABCFGHJKXDE

CONT Fail        
39 ABCFHJKXDE

40 ABCGHJKXDE

41 ABCHJKXDE

CONT Not Isolated        

42 ABFGHJKXCDE

CONT Fail        
43 ABFHJKXCDE

44 ABGHJKXCDE

45 ABHJKXCDE

PCB Not Isolated        

CONT Only Isolated        

46 ABCGHJKXDE

CONT Fail        
47 ABCHJKXDE

PCB and CONT Not Isolated        

48 ABGHJKXCDE

CONT Fail        
49 ABHJKXCDE

AFTER_LTA

PCB Isolated        

PCB and CONT Iso        

50 ABCFGHJK

51 ABCFHJK

52 ABCGHJK

53 ABCHJK

CONT not Isolated        

54 ABCFGHJK

55 ABCFHJK

56 ABCGHJK

57 ABCHJK

LNC Fail        

58 ABCFGHJK

59 ABCFHJK

60 ABCGHJK

61 ABCHJK

LTA Iso Fail        

62 ABCDEFGHJK

63 ABCDEFHJK

64 ABCDEGHJK

65 ABCDEHJK

PCB Not Isolated        

CONT Only Isolated        

66 ABCGHJK

67 ABCHJK

PCB and CONT Not Iso        

68 ABCGHJK

69 ABCHJK

LNC Fail        

70 ABCGHJK

71 ABCHJK

LTA Iso Fail        

72 ABCDEGHJK

73 ABCDEHJK
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Figure A-52: Accident Progression Event Tree – SDS 7-3 

 

INIT-SDS-7

SDS 7- PCB-CONT-AUX-REL

CONT_REL_LOC-3

Containment Release 
Location Fraction

AUX_REL_LOC

Auxiliary Building Releas 
Location Fraction

PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS7

Primary Coolant Boundary 
Intact- SDS 7

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location         
1 NA

After HTA    

BEFORE_LTA

CONT Iso         

2 ABFGHJKXD

3 ABFHJKXD

4 ABGHJKXD

5 ABHJKXD

LNC Fail            

6 ABFGHJKXD

7 ABFHJKXD

8 ABGHJKXD

9 ABHJKXD

HTA Iso Fail       

10 ABCFGHJKXD

CONT Fail       
11 ABCFHJKXD

12 ABCGHJKXD

13 ABCHJKXD

LTA Iso Fail            

14 ABFGHJKXDE

15 ABGHJKXDE

16 ABFHJKXDE

17 ABHJKXDE

HTA Iso Fail       

18 ABCFGHJKXDE

CONT Fail       
19 ABCFHJKXDE

20 ABCGHJKXDE

21 ABCHJKXDE

CONT Not Iso         

22 ABFGHJKXD

23 ABFHJKXD

24 ABGHJKXD

25 ABHJKXD

LNC Fail         

26 ABFGHJKXD

27 ABFHJKXD

28 ABGHJKXD

29 ABHJKXD

LTA Iso Fail         

30 ABFGHJKXDE

31 ABFHJKXDE

32 ABGHJKXDE

33 ABHJKXDE

HTA Iso Fail       

34 ABFGHJKXCDE

35 ABFHJKXCDE

36 ABGHJKXCDE

37 ABHJKXCDE

LTA_BOTH

38 ABFGHJKXDE

CONT Fail            
39 ABFHJKXDE

PCB Fail  

40 ABGHJKXDE

41 ABHJKXDE

LNC Fail       

42 ABFGHJKXDE

CONT Fail       
43 ABFHJKXDE

44 ABGHJKXDE

45 ABHJKXDE

HTA Iso Fail       

46 ABCFGHJKXDE

CONT Fail       
47 ABCFHJKXDE

48 ABCGHJKXDE

49 ABCHJKXDE

CONT Not Iso  

50 ABFGHJKXDE

51 ABFHJKXDE

52 ABGHJKXDE

53 ABHJKXDE

LNC Fail  

54 ABFGHJKXDE

55 ABFHJKXDE

PCB Fail  

56 ABGHJKXDE

57 ABHJKXDE

HTA Iso Fail  

58 ABFGHJKXCDE

59 ABFHJKXCDE

60 ABGHJKXCDE

61 ABHJKXCDE

AFTER_LTA

PCB Isolated            

PCB and CONT Iso            

62 ABDFGHJK

63 ABDFHJK

64 ABDGHJK

65 ABDHJK

LNC Fail       

66 ABDFGHJK

67 ABDFHJK

68 ABDGHJK

69 ABDHJK

HTA Iso Fail       

70 ABCDFGHJK

71 ABCDFHJK

72 ABCDGHJK

73 ABCDHJK

CONT not Isolated            

74 ABDFGHJK

75 ABDFHJK

76 ABDGHJK

77 ABDHJK

LNC Fail            

78 ABDFGHJK

79 ABDFHJK

80 ABDGHJK

81 ABDHJK

HTA Iso       

82 ABCDFGHJK

83 ABCDFHJK

84 ABCDGHJK

85 ABCDHJK

LTA Iso Fail  

86 ABDEFGHJK

87 ABDEFHJK

88 ABDEGHJK

89 ABDEHJK

HTA Iso       

90 ABCDEFGHJK

91 ABCDEFHJK

92 ABCDEGHJK

93 ABCDEHJK

PCB Not Isolated            

CONT Only Isolated            

94 ABDFGHJK

95 ABDFHJK

96 ABDGHJK

97 ABDHJK

LNC Fail       

98 ABDFGHJK

99 ABDFHJK

100 ABDGHJK

101 ABDHJK

HTA Iso       

102 ABCDFGHJK

103 ABCDFHJK

104 ABCDGHJK

105 ABCDHJK

PCB and CONT Not Iso            

106 ABDFGHJK

107 ABDFHJK

108 ABDGHJK

109 ABDHJK

LNC Fail            

110 ABDFGHJK

111 ABDFHJK

112 ABDGHJK

113 ABDHJK

HTA Iso       

114 ABCDFGHJK

115 ABCDFHJK

116 ABCDGHJK

117 ABCDHJK

LTA Iso Fail            

118 ABCDFGHJK

119 ABCDFHJK

120 ABCDGHJK

121 ABCDHJK

HTA iso       

122 ABCDEFGHJK

123 ABCDEFHJK

124 ABCDEGHJK

125 ABCDEHJK
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Figure A-53: Accident Progression Event Tree – SDS 7-4 

INIT-SDS-7

SDS 7- PCB-CONT-AUX-REL

CONT_REL_LOC-4
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Auxiliary Building Releas 
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PCB_ISO_STATUS

Primary Coolant Boundary 
Isolation Status

CONT_ISO_STATUS

Containment Isolation 
Status

LNC_STATUS

Liquid Nitrogen Cooling 
System Status

LTA_ISO

LTA Module Isolation Status

HTA_ISO

HTA Module Isolation Status

PCB_STATUS-SDS7

Primary Coolant Boundary 
Intact- SDS 7

CONT_STATUS

Containment intact # End State
(Phase - PH1)

Other Release Location       
1 NA

HTA Return   

BEFORE_LTA

PCB Isolated    

PCB and CONT Iso       

2 ABFGHJKXD

CONT Fail
3 ABFHJKXD

PCB Fail

4 ABGHJKXD

CONT Fail
5 ABHJKXD

LNC Fail          

6 ABFGHJKXD

CONT Fail
7 ABFHJKXD

PCB Fail

8 ABFHJKXD

CONT Fail
9 ABHJKXD

LTA Iso Fail          

10 ABFGHJKXDE

CONT Fail
11 ABFHJKXDE

PCB Fail

12 ABGHJKXDE

CONT Fail
13 ABHJKXDE

CONT Not Iso       

14 ABFGHJKXD

CONT Fail
15 ABFHJKXD

PCB Fail

16 ABGHJKXD

CONT Fail
17 ABHJKXD

LNC Fail       

18 ABFGHJKXD

CONT Fail
19 ABFHJKXD

PCB Fail

20 ABGHJKXD

CONT Fail
21 ABHJKXD

HTA Iso Fail    

22 ABFGHJKXCD

CONT Fail
23 ABFHJKXCD

PCB Fail

24 ABGHJKXCD

CONT Fail
25 BHJKXCD

LTA Iso Fail       

26 ABFGHJKXDE

CONT Fail
27 ABFHJKXDE

PCB Fail

28 ABGHJKXDE

CONT Fail
29 ABFHJKXDE

HTA Iso Fail     

30 ABFGHJKXCDE

CONT Fail
31 ABFHJKXCDE

PCB Fail

32 ABGHJKXCDE

CONT Fail
33 ABHJKXCDE

PCB Not Isolated    

CONT Only Iso    

34 ABFGHJKXD

CONT Fail
35 ABFHJKXD

PCB Fail

36 ABGHJKXD

CONT Fail
37 ABHJKXD

LNC Fail    

38 ABFGHJKXD

CONT Fail
39 ABFHJKXD

PCB Fail

40 ABGHJKXD

CONT Fail
41 ABHJKXD

LTA Iso Fail    HTA iso Fail    

42 ABFGHJKXDE

CONT Fail
43 ABFHJKXDE

PCB Fail

44 ABGHJKXDE

CONT Fail
45 ABHJKXDE

PCB and CONT Not Iso    

46 ABFGHJKXD

CONT Fail
47 ABFHJKXD

PCB Fail

48 ABGHJKXD

CONT Fail
49 ABHJKXD

LNC Fail    

50 ABFGHJKXD

CONT Fail
51 ABFHJKXD

PCB Fail

52 ABGHJKXD

CONT Fail
53 ABHJKXD

HTA iso fail    

54 ABFGHJKXCD

CONT Fail
55 ABFHJKXCD

PCB Fail

56 ABGHJKXCD

CONT Fail
57 ABHJKXCD

LTA Iso Fail    

58 ABFGHJKXDE

CONT Fail
59 ABFHJKXDE

PCB Fail

60 ABGHJKXDE

CONT Fail
61 ABHJKXDE

HTA Iso Fail    

62 ABFGHJKXCDE

CONT Fail
63 ABFHJKXCDE

PCB Fail

64 ABGHJKXCDE

CONT Fail
65 ABHJKXCDE

LTA_BOTH

CONT Iso    

66 ABFGHJKXDE

CONT Fail
67 ABFHJKXDE

PCB Fail

68 ABGHJKXDE

CONT Fail
69 ABHJKXDE

CONT Not Iso    

70 ABFGHJKXDE

CONT Fail
71 ABFHJKXDE

PCB Fail

72 ABGHJKXDE

CONT Fail
73 ABHJKXDE

LNC Fail    

74 ABFGHJKXDE

CONT Fail
75 ABFHJKXDE

PCB Fail

76 ABGHJKXDE

CONT Fail
77 ABHJKXDE

HTA Iso Fail    

78 ABFGHJKXCDE

CONT Fail
79 ABFHJKXCDE

PCB Fail

80 ABGHJKXCDE

CONT Fail
81 ABHJKXCDE

AFTER_LTA

82 ABFGHJK

CONT Fail
83 ABFHJK

PCB Fail

84 ABGHJK

CONT Fail
85 ABHJK
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APPENDIX H. STELLA Results  
Table A-4: STELLA Activity Estimates 

Activity (Ci) in the Fission Product Vent System 

Location Plateout in PCB Piping from core to HTA HTA Contents Piping from HTA to LTA LTA Contents 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Krypton - 85m - - 3.34E+01 3.34E+01 - - 2.97E+01 2.97E+01 2.45E+05 4.72E+04 

Krypton - 85 - - 2.73E-03 2.73E-03 - - 2.73E-03 2.73E-03 8.82E+04 7.77E+04 

Krypton - 87 - - 2.09E+02 2.09E+02 - - 1.86E+02 1.86E+02 4.37E+05 7.45E+04 

Krypton - 88 - - 7.29E+01 7.29E+01 - - 6.47E+01 6.47E+01 3.39E+05 6.21E+04 

Rubidium - 88 - - 5.99E+02 5.99E+02 3.32E+05 6.37E+04 1.42E+00 1.42E+00 3.39E+05 6.21E+04 

Rubidium - 89 - - 1.70E+03 1.70E+03 7.31E+05 1.14E+05 - - - - 

Strontium - 89 - - 9.20E-03 9.20E-03 7.32E+05 1.14E+05 - - - - 

Tellurium - 127m - - 5.54E-03 5.54E-03 2.30E+04 9.95E+03 - - - - 

Tellurium - 127 - - 8.14E-01 8.14E-01 3.65E+04 1.22E+04 - - - - 

Tellurium - 129m - - 4.38E-02 4.38E-02 5.77E+04 1.93E+04 - - - - 

Tellurium - 129 - - 1.24E+01 1.24E+01 6.30E+04 1.64E+04 - - - - 

Tellurium - 131m - - 3.15E+00 3.15E+00 1.68E+05 3.20E+04 - - - - 

Tellurium - 131 - - 9.30E+01 9.30E+01 1.10E+05 1.82E+04 - - - - 

Iodine - 131 2.13E+04 5.60E+03 5.62E-01 5.62E-01 4.32E+05 9.34E+04 - - - - 

Tellurium - 132 - - 1.01E+01 1.01E+01 1.26E+06 2.69E+05 - - - - 

Iodine - 132 1.13E+05 1.85E+04 2.49E+02 2.49E+02 2.28E+06 4.36E+05 - - - - 

Tellurium - 133m - - 5.04E+02 5.04E+02 7.66E+05 1.16E+05 - - - - 

Tellurium - 133 - - 1.48E+03 1.48E+03 6.13E+05 9.18E+04 - - - - 

Iodine - 133 1.40E+05 2.66E+04 3.46E+01 3.46E+01 2.65E+06 4.49E+05 - - - - 

Xenon - 133m - - 1.59E+01 1.59E+01 - - 1.59E+01 1.59E+01 4.15E+06 7.77E+05 

Xenon - 133 - - 5.76E+00 5.76E+00 - - 5.76E+00 5.76E+00 5.50E+06 1.13E+06 

Tellurium - 134 - - 1.17E+03 1.17E+03 1.35E+06 2.04E+05 - - - - 

Iodine - 134 1.69E+05 2.65E+04 9.73E+02 9.73E+02 2.87E+06 4.43E+05 - - - - 

Iodine - 135 1.50E+05 2.48E+04 1.29E+02 1.29E+02 1.35E+06 2.23E+05 - - - - 

Xenon - 135m - - 7.69E+02 7.69E+02 - - 7.69E+02 7.69E+02 6.33E+05 1.00E+05 

Xenon - 135 - - 9.73E+01 9.73E+01 - - 9.73E+01 9.73E+01 3.49E+06 5.92E+05 

Cesium - 137 1.52E+05 1.44E+05 5.14E-02 5.14E-02 1.37E+06 1.29E+06 - - - - 

Xenon - 138 - - 3.23E+03 3.23E+03 - - 2.86E+03 2.86E+03 1.07E+06 1.58E+05 

Cesium - 138 2.55E+05 2.39E+04 2.40E+03 2.40E+03 2.29E+06 2.15E+05 3.51E+01 3.51E+01 1.50E+06 2.21E+05 

sum 1.00E+06 2.70E+05 1.38E+04 1.38E+04 1.95E+07 4.23E+06 4.07E+03 4.07E+03 1.78E+07 3.30E+06 
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Table A-5: STELLA Power Estimates 

Power (W) in the Fission Product Vent System 

Location Plateout in PCB Piping from core to HTA HTA Contents Piping from HTA to LTA LTA Contents 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Krypton - 85m - - 8.33E-02 8.33E-02 - - 7.38E-02 7.38E-02 6.09E+02 1.17E+02 

Krypton - 85 - - 4.20E-06 4.20E-06 - - 4.20E-06 4.20E-06 1.36E+02 1.20E+02 

Krypton - 87 - - 2.67E+00 2.67E+00 - - 2.37E+00 2.37E+00 5.57E+03 9.49E+02 

Krypton - 88 - - 1.02E+00 1.02E+00 - - 9.08E-01 9.08E-01 4.76E+03 8.73E+02 

Rubidium - 88 - - 9.72E+00 9.72E+00 5.38E+03 1.03E+03 2.30E-02 2.30E-02 5.50E+03 1.01E+03 

Rubidium - 89 - - 3.07E+01 3.07E+01 1.32E+04 2.06E+03 - - - - 

Strontium - 89 - - 3.22E-05 3.22E-05 2.56E+03 3.99E+02 - - - - 

Tellurium - 127m - - 2.96E-06 2.96E-06 1.23E+01 5.31E+00 - - - - 

Tellurium - 127 - - 1.25E-03 1.25E-03 5.63E+01 1.88E+01 - - - - 

Tellurium - 129m - - 8.05E-05 8.05E-05 1.06E+02 3.54E+01 - - - - 

Tellurium - 129 - - 4.41E-02 4.41E-02 2.24E+02 5.84E+01 - - - - 

Tellurium - 131m - - 3.21E-02 3.21E-02 1.72E+03 3.26E+02 - - - - 

Tellurium - 131 - - 6.40E-01 6.40E-01 7.55E+02 1.25E+02 - - - - 

Iodine - 131 7.33E+01 1.93E+01 1.93E-03 1.93E-03 1.49E+03 3.21E+02 - - - - 

Tellurium - 132 - - 2.03E-02 2.03E-02 2.54E+03 5.42E+02 - - - - 

Iodine - 132 1.83E+03 3.00E+02 4.03E+00 4.03E+00 3.69E+04 7.05E+03 - - - - 

Tellurium - 133m - - 6.12E+00 6.12E+00 9.31E+03 1.41E+03 - - - - 

Tellurium - 133 - - 1.54E+01 1.54E+01 6.36E+03 9.52E+02 - - - - 

Iodine - 133 8.40E+02 1.59E+02 2.07E-01 2.07E-01 1.59E+04 2.69E+03 - - - - 

Xenon - 133m - - 2.17E-02 2.17E-02 - - 2.17E-02 2.17E-02 5.66E+03 1.06E+03 

Xenon - 133 - - 6.49E-03 6.49E-03 - - 6.49E-03 6.49E-03 6.19E+03 1.28E+03 

Tellurium - 134 - - 7.37E+00 7.37E+00 8.50E+03 1.28E+03 - - - - 

Iodine - 134 3.06E+03 4.81E+02 1.76E+01 1.76E+01 5.21E+04 8.03E+03 - - - - 

Iodine - 135 1.74E+03 2.88E+02 1.50E+00 1.50E+00 1.57E+04 2.59E+03 - - - - 

Xenon - 135m - - 2.42E+00 2.42E+00 - - 2.42E+00 2.42E+00 1.99E+03 3.14E+02 

Xenon - 135 - - 3.23E-01 3.23E-01 - - 3.23E-01 3.23E-01 1.16E+04 1.97E+03 

Cesium - 137 1.71E+02 1.62E+02 5.79E-05 5.79E-05 1.54E+03 1.46E+03 - - - - 

Xenon - 138 - - 4.30E+01 4.30E+01 - - 3.82E+01 3.82E+01 1.42E+04 2.10E+03 

Cesium - 138 5.16E+03 4.85E+02 4.87E+01 4.87E+01 4.64E+04 4.37E+03 7.12E-01 7.12E-01 3.04E+04 4.49E+03 

sum 1.29E+04 1.89E+03 1.92E+02 1.92E+02 2.21E+05 3.48E+04 4.50E+01 4.50E+01 8.66E+04 1.43E+04 
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Table A-6: STELLA Mass Accumulation Estimates 

Mass Accumulation (g) in the Fission Product Vent System 

Location Plateout in PCB Piping from core to HTA HTA Contents Piping from HTA to LTA LTA Contents 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Selenium - 80 - - 9.13E-06 9.13E-06 2.58E+02 2.58E+02 - - - - 

Bromine - 81 - - 1.27E-05 1.27E-05 3.60E+02 3.60E+02 - - - - 

Selenium - 82 - - 1.94E-05 1.94E-05 5.50E+02 5.50E+02 - - - - 

Krypton - 83 - - 3.15E-05 3.15E-05 - - 2.79E-05 2.79E-05 8.90E+02 8.90E+02 

Krypton - 84 - - 5.46E-05 5.46E-05 - - 4.84E-05 4.84E-05 1.54E+03 1.54E+03 

Krypton - 85m - - 4.06E-06 4.06E-06 - - 3.60E-06 3.60E-06 2.97E-02 5.73E-03 

Krypton - 85 - - 6.96E-06 6.96E-06 - - 6.96E-06 6.96E-06 2.25E+02 1.99E+02 

Rubidium - 85 - - 5.24E-05 5.24E-05 1.67E+03 1.78E+03 4.14E-09 4.14E-09 1.12E+02 3.62E+01 

Krypton - 86 - - 9.99E-05 9.99E-05 - - 8.86E-05 8.86E-05 2.83E+03 2.83E+03 

Krypton - 87 - - 7.38E-06 7.38E-06 - - 6.54E-06 6.54E-06 1.54E-02 2.62E-03 

Rubidium - 87 - - 1.11E-04 1.11E-04 3.54E+03 3.72E+03 3.37E-08 3.37E-08 2.10E+02 3.58E+01 

Krypton - 88 - - 5.81E-06 5.81E-06 - - 5.15E-06 5.15E-06 2.70E-02 4.95E-03 

Rubidium - 88 - - 4.95E-06 4.95E-06 2.74E-03 5.27E-04 1.17E-08 1.17E-08 2.80E-03 5.14E-04 

Strontium - 88 - - 1.10E-07 1.10E-07 1.61E+02 3.09E+01 1.30E-10 1.30E-10 1.65E+02 3.02E+01 

Rubidium - 89 - - 1.24E-05 1.24E-05 5.32E-03 8.30E-04 - - - - 

Strontium - 89 - - 3.17E-07 3.17E-07 2.52E+01 3.93E+00 - - - - 

Yttrium - 89 - - 8.32E-13 8.32E-13 3.34E+02 5.21E+01 - - - - 

Cadmium - 111 - - 1.89E-05 1.89E-05 5.34E+02 5.34E+02 - - - - 

Tellurium - 126 - - 1.95E-05 1.95E-05 5.52E+02 5.52E+02 - - - - 

Tellurium - 127m - - 5.71E-07 5.71E-07 2.37E+00 1.02E+00 - - - - 

Tellurium - 127 - - 3.10E-07 3.10E-07 1.39E-02 4.64E-03 - - - - 

Iodine - 127 1.71E+01 1.89E+01 4.99E-06 4.99E-06 1.78E+02 1.77E+02 - - - - 

Tellurium - 128 - - 7.53E-05 7.53E-05 2.13E+03 2.13E+03 - - - - 

Tellurium - 129m - - 1.45E-06 1.45E-06 1.91E+00 6.39E-01 - - - - 

Tellurium - 129 - - 5.91E-07 5.91E-07 3.01E-03 7.83E-04 - - - - 

Iodine - 129 5.29E+01 5.73E+01 1.54E-05 1.54E-05 5.35E+02 5.32E+02 - - - - 

Tellurium - 130 - - 2.35E-04 2.35E-04 6.64E+03 6.64E+03 - - - - 

Tellurium - 131m - - 4.30E-06 4.30E-06 2.29E-01 4.36E-02 - - - - 

Tellurium - 131 - - 1.62E-06 1.62E-06 1.91E-03 3.16E-04 - - - - 

Iodine - 131 1.71E-01 4.51E-02 4.52E-06 4.52E-06 3.48E+00 7.51E-01 - - - - 

Xenon - 131 - - 8.27E-05 8.27E-05 - - 8.27E-05 8.27E-05 2.66E+03 2.67E+03 

Tellurium - 132 - - 3.25E-05 3.25E-05 4.08E+00 8.69E-01 - - - - 
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Mass Accumulation (g) in the Fission Product Vent System 

Location Plateout in PCB Piping from core to HTA HTA Contents Piping from HTA to LTA LTA Contents 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Iodine - 132 1.09E-02 1.78E-03 2.39E-05 2.39E-05 2.19E-01 4.19E-02 - - - - 

Xenon - 132 - - 4.43E-04 4.43E-04 - 0.00E+00 4.43E-04 4.43E-04 1.59E+04 1.59E+04 

Tellurium - 133m - - 1.97E-05 1.97E-05 3.00E-02 4.55E-03 - - - - 

Tellurium - 133 - - 1.30E-05 1.30E-05 5.38E-03 8.04E-04 - - - - 

Iodine - 133 1.24E-01 2.35E-02 3.05E-05 3.05E-05 2.34E+00 3.96E-01 - - - - 

Xenon - 133m - - 3.54E-05 3.54E-05 - - 3.54E-05 3.54E-05 9.25E+00 1.73E+00 

Xenon - 133 - - 3.07E-05 3.07E-05 - - 3.07E-05 3.07E-05 2.93E+01 6.04E+00 

Cesium - 133 1.52E+03 1.84E+03 4.44E-04 4.44E-04 1.37E+04 1.66E+04 1.59E-09 1.59E-09 3.99E+03 8.23E+02 

Tellurium - 134 - - 3.51E-05 3.51E-05 4.05E-02 6.11E-03 - - - - 

Iodine - 134 6.32E-03 9.94E-04 3.64E-05 3.64E-05 1.08E-01 1.66E-02 - - - - 

Xenon - 134 - - 6.81E-04 6.81E-04 - - 6.81E-04 6.81E-04 2.40E+04 2.40E+04 

Iodine - 135 4.25E-02 7.01E-03 3.66E-05 3.66E-05 3.82E-01 6.31E-02 - - - - 

Xenon - 135m - - 8.45E-06 8.45E-06 - - 8.45E-06 8.45E-06 6.95E-03 1.10E-03 

Xenon - 135 - - 3.81E-05 3.81E-05 - - 3.81E-05 3.81E-05 1.37E+00 2.32E-01 

Cesium - 135 2.04E+03 2.26E+03 6.69E-04 6.69E-04 1.84E+04 2.03E+04 2.86E-08 2.86E-08 2.60E+03 4.42E+02 

Xenon - 136 - - 7.60E-04 7.60E-04 - - 6.74E-04 6.74E-04 2.15E+04 2.15E+04 

Cesium - 137 1.75E+03 1.66E+03 5.92E-04 5.92E-04 1.58E+04 1.49E+04 - - - - 

Barium - 137 - - 1.57E-11 1.57E-11 5.81E+02 5.50E+02 - - - - 

Xenon - 138 - - 3.34E-05 3.34E-05 - - 2.96E-05 2.96E-05 1.10E-02 1.63E-03 

Cesium - 138 6.01E-03 5.65E-04 5.68E-05 5.68E-05 5.41E-02 5.09E-03 8.29E-07 8.29E-07 3.54E-02 5.23E-03 

Barium - 138 - - 7.42E-07 7.42E-07 1.94E+03 1.82E+02 5.08E-09 5.08E-09 9.86E+02 1.46E+02 

sum 5.39E+03 5.83E+03 4.92E-03 4.92E-03 6.79E+04 6.99E+04 2.21E-03 2.21E-03 7.76E+04 7.10E+04 
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Table A-7: Source Term Estimates 

Source Term Estimates by Source Term Group (Ci) 

Source Term Group ALL FPVS BGJK DE D BCGJK 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Krypton - 85m 2.45E+05 4.72E+04 3.35E+01 3.35E+01 2.45E+05 4.72E+04 2.97E+01 2.97E+01 3.35E+01 3.35E+01 

Krypton - 85 8.82E+04 7.77E+04 2.72E-03 2.72E-03 8.82E+04 7.77E+04 2.72E-03 2.72E-03 2.72E-03 2.72E-03 

Krypton - 87 4.37E+05 7.49E+04 2.11E+02 2.11E+02 4.37E+05 7.47E+04 1.87E+02 1.87E+02 2.11E+02 2.11E+02 

Krypton - 88 3.39E+05 6.23E+04 7.31E+01 7.31E+01 3.39E+05 6.22E+04 6.48E+01 6.48E+01 7.31E+01 7.31E+01 

Rubidium - 88 8.47E+04 1.55E+04 1.52E-02 1.52E-02 8.47E+04 1.55E+04 6.42E-02 6.42E-02 2.09E+00 4.13E-01 

Rubidium - 89 4.61E+00 7.56E-01 4.35E-02 4.35E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.61E+00 7.56E-01 

Strontium - 89 4.57E+00 7.13E-01 9.28E-09 9.28E-09 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.57E+00 7.13E-01 

Tellurium - 127m 1.44E-01 6.22E-02 1.38E-07 1.38E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.44E-01 6.22E-02 

Tellurium - 127 2.28E-01 7.63E-02 2.04E-05 2.04E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.28E-01 7.63E-02 

Tellurium - 129m 3.61E-01 1.20E-01 1.10E-06 1.10E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.61E-01 1.20E-01 

Tellurium - 129 3.94E-01 1.03E-01 3.11E-04 3.11E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.94E-01 1.03E-01 

Tellurium - 131m 1.05E+00 2.00E-01 7.88E-05 7.88E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+00 2.00E-01 

Tellurium - 131 6.89E-01 1.16E-01 2.36E-03 2.36E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.89E-01 1.16E-01 

Iodine - 131 2.70E+00 5.84E-01 1.40E-05 1.40E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.70E+00 5.84E-01 

Tellurium - 132 7.89E+00 1.68E+00 2.52E-04 2.52E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.89E+00 1.68E+00 

Iodine - 132 1.42E+01 2.73E+00 6.24E-03 6.24E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.42E+01 2.73E+00 

Tellurium - 133m 4.80E+00 7.39E-01 1.27E-02 1.27E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+00 7.39E-01 

Tellurium - 133 3.87E+00 6.12E-01 3.82E-02 3.82E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.87E+00 6.12E-01 

Iodine - 133 1.66E+01 2.81E+00 8.52E-04 8.52E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.66E+01 2.81E+00 

Xenon - 133m 4.15E+06 7.77E+05 1.59E+01 1.59E+01 4.15E+06 7.77E+05 1.59E+01 1.59E+01 1.59E+01 1.59E+01 

Xenon - 133 5.50E+06 1.13E+06 5.76E+00 5.76E+00 5.50E+06 1.13E+06 5.76E+00 5.76E+00 5.76E+00 5.76E+00 

Tellurium - 134 8.49E+00 1.31E+00 2.96E-02 2.96E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.49E+00 1.31E+00 

Iodine - 134 1.80E+01 2.79E+00 2.43E-02 2.43E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.80E+01 2.79E+00 

Iodine - 135 8.45E+00 1.40E+00 3.24E-03 3.24E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.45E+00 1.40E+00 

Xenon - 135m 6.35E+05 1.02E+05 7.88E+02 7.88E+02 6.34E+05 1.01E+05 7.88E+02 7.88E+02 7.88E+02 7.88E+02 

Xenon - 135 3.49E+06 5.92E+05 9.67E+01 9.67E+01 3.49E+06 5.92E+05 9.67E+01 9.67E+01 9.67E+01 9.67E+01 

Cesium - 137 8.55E+00 8.09E+00 1.28E-06 1.28E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.55E+00 8.09E+00 

Xenon - 138 1.07E+06 1.64E+05 3.31E+03 3.31E+03 1.07E+06 1.61E+05 2.94E+03 2.94E+03 3.31E+03 3.31E+03 

Cesium - 138 3.75E+05 5.54E+04 5.99E-02 5.99E-02 3.75E+05 5.54E+04 1.60E+00 1.60E+00 1.44E+01 1.41E+00 

sum 1.64E+07 3.10E+06 4.54E+03 4.54E+03 1.64E+07 3.10E+06 4.13E+03 4.13E+03 4.66E+03 4.56E+03 

 

 



206 

 

 

Source Term Estimates by Source Term Group 

Source Term Group DGJK BJK BCJK ABFGHJK DJK 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL BOL EOL 

Krypton - 85m 2.97E+01 2.97E+01 3.35E+01 3.35E+01 3.35E+01 3.35E+01 3.35E+01 3.35E+01 2.97E+01 2.97E+01 

Krypton - 85 2.72E-03 2.72E-03 2.72E-03 2.72E-03 2.72E-03 2.72E-03 2.72E-03 2.72E-03 2.72E-03 2.72E-03 

Krypton - 87 1.87E+02 1.87E+02 2.11E+02 2.11E+02 2.11E+02 2.11E+02 2.11E+02 2.11E+02 1.87E+02 1.87E+02 

Krypton - 88 6.48E+01 6.48E+01 7.31E+01 7.31E+01 7.31E+01 7.31E+01 7.31E+01 7.31E+01 6.48E+01 6.48E+01 

Rubidium - 88 1.60E-06 1.60E-06 1.52E+02 1.52E+02 2.09E+04 4.13E+03 1.52E-02 1.52E-02 1.60E-02 1.60E-02 

Rubidium - 89 0.00E+00 0.00E+00 4.35E+02 4.35E+02 4.61E+04 7.56E+03 4.35E-02 4.35E-02 0.00E+00 0.00E+00 

Strontium - 89 0.00E+00 0.00E+00 9.28E-05 9.28E-05 4.57E+04 7.13E+03 9.28E-09 9.28E-09 0.00E+00 0.00E+00 

Tellurium - 127m 0.00E+00 0.00E+00 1.38E-03 1.38E-03 1.44E+03 6.22E+02 1.38E-07 1.38E-07 0.00E+00 0.00E+00 

Tellurium - 127 0.00E+00 0.00E+00 2.04E-01 2.04E-01 2.28E+03 7.63E+02 2.04E-05 2.04E-05 0.00E+00 0.00E+00 

Tellurium - 129m 0.00E+00 0.00E+00 1.10E-02 1.10E-02 3.61E+03 1.20E+03 1.10E-06 1.10E-06 0.00E+00 0.00E+00 

Tellurium - 129 0.00E+00 0.00E+00 3.11E+00 3.11E+00 3.94E+03 1.03E+03 3.11E-04 3.11E-04 0.00E+00 0.00E+00 

Tellurium - 131m 0.00E+00 0.00E+00 7.88E-01 7.88E-01 1.05E+04 2.00E+03 7.88E-05 7.88E-05 0.00E+00 0.00E+00 

Tellurium - 131 0.00E+00 0.00E+00 2.36E+01 2.36E+01 6.89E+03 1.16E+03 2.36E-03 2.36E-03 0.00E+00 0.00E+00 

Iodine - 131 0.00E+00 0.00E+00 1.40E-01 1.40E-01 2.70E+04 5.84E+03 1.40E-05 4.20E-05 0.00E+00 0.00E+00 

Tellurium - 132 0.00E+00 0.00E+00 2.52E+00 2.52E+00 7.89E+04 1.68E+04 2.52E-04 2.52E-04 0.00E+00 0.00E+00 

Iodine - 132 0.00E+00 0.00E+00 6.24E+01 6.24E+01 1.42E+05 2.73E+04 6.24E-03 6.33E-03 0.00E+00 0.00E+00 

Tellurium - 133m 0.00E+00 0.00E+00 1.27E+02 1.27E+02 4.80E+04 7.39E+03 1.27E-02 1.27E-02 0.00E+00 0.00E+00 

Tellurium - 133 0.00E+00 0.00E+00 3.82E+02 3.82E+02 3.87E+04 6.12E+03 3.82E-02 3.82E-02 0.00E+00 0.00E+00 

Iodine - 133 0.00E+00 0.00E+00 8.52E+00 8.52E+00 1.66E+05 2.81E+04 8.52E-04 9.85E-04 0.00E+00 0.00E+00 

Xenon - 133m 1.59E+01 1.59E+01 1.59E+01 1.59E+01 1.59E+01 1.59E+01 1.59E+01 1.59E+01 1.59E+01 1.59E+01 

Xenon - 133 5.76E+00 5.76E+00 5.76E+00 5.76E+00 5.76E+00 5.76E+00 5.76E+00 5.76E+00 5.76E+00 5.76E+00 

Tellurium - 134 0.00E+00 0.00E+00 2.96E+02 2.96E+02 8.49E+04 1.31E+04 2.96E-02 2.96E-02 0.00E+00 0.00E+00 

Iodine - 134 0.00E+00 0.00E+00 2.43E+02 2.43E+02 1.80E+05 2.79E+04 2.43E-02 2.44E-02 0.00E+00 0.00E+00 

Iodine - 135 0.00E+00 0.00E+00 3.24E+01 3.24E+01 8.45E+04 1.40E+04 3.24E-03 3.36E-03 0.00E+00 0.00E+00 

Xenon - 135m 7.88E+02 7.88E+02 7.88E+02 7.88E+02 7.88E+02 7.88E+02 7.88E+02 7.88E+02 7.88E+02 7.88E+02 

Xenon - 135 9.67E+01 9.67E+01 9.67E+01 9.67E+01 9.67E+01 9.67E+01 9.67E+01 9.67E+01 9.67E+01 9.67E+01 

Cesium - 137 0.00E+00 0.00E+00 1.28E-02 1.28E-02 8.55E+04 8.09E+04 1.30E-06 7.20E-04 0.00E+00 0.00E+00 

Xenon - 138 2.94E+03 2.94E+03 3.31E+03 3.31E+03 3.31E+03 3.31E+03 3.31E+03 3.31E+03 2.94E+03 2.94E+03 

Cesium - 138 4.00E-05 4.00E-05 5.99E+02 5.99E+02 1.44E+05 1.41E+04 5.99E-02 6.00E-02 4.00E-01 4.00E-01 

sum 4.13E+03 4.13E+03 6.90E+03 6.90E+03 1.23E+06 2.71E+05 4.54E+03 4.54E+03 4.13E+03 4.13E+03 
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Source Term Estimates by Source Term Group 

Source Term Group BGJKXDE BGJKXD BCGJKXDE BCGJKXD 

Nuclide BOL EOL BOL EOL BOL EOL BOL EOL 

Krypton - 85m 2.45E+05 4.72E+04 6.32E+01 6.32E+01 2.45E+05 4.72E+04 6.32E+01 6.32E+01 

Krypton - 85 8.82E+04 7.77E+04 5.45E-03 5.45E-03 8.82E+04 7.77E+04 5.45E-03 5.45E-03 

Krypton - 87 4.37E+05 7.49E+04 3.97E+02 3.97E+02 4.37E+05 7.49E+04 3.97E+02 3.97E+02 

Krypton - 88 3.39E+05 6.23E+04 1.38E+02 1.38E+02 3.39E+05 6.23E+04 1.38E+02 1.38E+02 

Rubidium - 88 8.47E+04 1.55E+04 7.94E-02 7.94E-02 8.47E+04 1.55E+04 2.15E+00 4.77E-01 

Rubidium - 89 4.35E-02 4.35E-02 4.35E-02 4.35E-02 4.61E+00 7.56E-01 4.61E+00 7.56E-01 

Strontium - 89 9.28E-09 9.28E-09 9.28E-09 9.28E-09 4.57E+00 7.13E-01 4.57E+00 7.13E-01 

Tellurium - 127m 1.38E-07 1.38E-07 1.38E-07 1.38E-07 1.44E-01 6.22E-02 1.44E-01 6.22E-02 

Tellurium - 127 2.04E-05 2.04E-05 2.04E-05 2.04E-05 2.28E-01 7.63E-02 2.28E-01 7.63E-02 

Tellurium - 129m 1.10E-06 1.10E-06 1.10E-06 1.10E-06 3.61E-01 1.20E-01 3.61E-01 1.20E-01 

Tellurium - 129 3.11E-04 3.11E-04 3.11E-04 3.11E-04 3.94E-01 1.03E-01 3.94E-01 1.03E-01 

Tellurium - 131m 7.88E-05 7.88E-05 7.88E-05 7.88E-05 1.05E+00 2.00E-01 1.05E+00 2.00E-01 

Tellurium - 131 2.36E-03 2.36E-03 2.36E-03 2.36E-03 6.89E-01 1.16E-01 6.89E-01 1.16E-01 

Iodine - 131 1.40E-05 1.40E-05 1.40E-05 1.40E-05 2.70E+00 5.84E-01 2.70E+00 5.84E-01 

Tellurium - 132 2.52E-04 2.52E-04 2.52E-04 2.52E-04 7.89E+00 1.68E+00 7.89E+00 1.68E+00 

Iodine - 132 6.24E-03 6.24E-03 6.24E-03 6.24E-03 1.42E+01 2.73E+00 1.42E+01 2.73E+00 

Tellurium - 133m 1.27E-02 1.27E-02 1.27E-02 1.27E-02 4.80E+00 7.39E-01 4.80E+00 7.39E-01 

Tellurium - 133 3.82E-02 3.82E-02 3.82E-02 3.82E-02 3.87E+00 6.12E-01 3.87E+00 6.12E-01 

Iodine - 133 8.52E-04 8.52E-04 8.52E-04 8.52E-04 1.66E+01 2.81E+00 1.66E+01 2.81E+00 

Xenon - 133m 4.15E+06 7.77E+05 3.18E+01 3.18E+01 4.15E+06 7.77E+05 3.18E+01 3.18E+01 

Xenon - 133 5.50E+06 1.13E+06 1.15E+01 1.15E+01 5.50E+06 1.13E+06 1.15E+01 1.15E+01 

Tellurium - 134 2.96E-02 2.96E-02 2.96E-02 2.96E-02 8.49E+00 1.31E+00 8.49E+00 1.31E+00 

Iodine - 134 2.43E-02 2.43E-02 2.43E-02 2.43E-02 1.80E+01 2.79E+00 1.80E+01 2.79E+00 

Iodine - 135 3.24E-03 3.24E-03 3.24E-03 3.24E-03 8.45E+00 1.40E+00 8.45E+00 1.40E+00 

Xenon - 135m 6.35E+05 1.02E+05 1.58E+03 1.58E+03 6.35E+05 1.02E+05 1.58E+03 1.58E+03 

Xenon - 135 3.49E+06 5.92E+05 1.93E+02 1.93E+02 3.49E+06 5.92E+05 1.93E+02 1.93E+02 

Cesium - 137 1.28E-06 1.28E-06 1.28E-06 1.28E-06 8.55E+00 8.09E+00 8.55E+00 8.09E+00 

Xenon - 138 1.07E+06 1.64E+05 6.25E+03 6.25E+03 1.07E+06 1.64E+05 6.25E+03 6.25E+03 

Cesium - 138 3.75E+05 5.54E+04 1.66E+00 1.66E+00 3.75E+05 5.54E+04 1.60E+01 3.01E+00 

sum 1.64E+07 3.10E+06 8.67E+03 8.67E+03 1.64E+07 3.10E+06 8.79E+03 8.69E+03 
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APPENDIX I. Consequence Results 
 

 

Table A-8: TEDE at EAB for 2 Hours (BOL) 

Source 

Term Group 

ID 

Release 

Frequency 

TEDE at 

EAB=400 

m (rem) 

TEDE at 

EAB=800 

m (rem) 

TEDE at 

EAB=1600 

m (rem) 

TEDE at 

EAB=3200 

m (rem) 

TEDE at 

EAB=8000 

m (rem) 

BGJK 9.60E-04 7.80E+00 2.50E+00 1.20E+00 6.50E-01 3.00E-01 

DE 4.44E-04 4.70E+03 1.50E+03 7.30E+02 3.90E+02 1.80E+02 

D 3.85E-04 5.00E+01 1.60E+01 7.70E+00 4.20E+00 1.90E+00 

BCGJK 2.90E-04 8.80E+00 2.80E+00 1.40E+00 7.40E-01 3.40E-01 

DGJK 6.09E-05 7.00E+00 2.20E+00 1.10E+00 5.80E-01 2.70E-01 

BJK 2.97E-05 1.10E+01 3.60E+00 1.80E+00 9.50E-01 4.40E-01 

BCJK 8.96E-06 9.80E+03 3.10E+03 1.50E+03 8.30E+02 3.80E+02 

ABFGHJK 2.03E-06 7.80E+00 2.50E+00 1.20E+00 6.50E-01 3.00E-01 

DJK 1.94E-06 7.00E+00 2.20E+00 1.10E+00 5.80E-01 2.70E-01 

BGJKXDE 5.61E-07 4.70E+03 1.50E+03 7.30E+02 3.90E+02 1.80E+02 

BGJKXD 4.86E-07 1.50E+01 4.60E+00 2.30E+00 1.20E+00 5.70E-01 

BCGJKXDE 1.69E-07 4.70E+03 1.50E+03 7.30E+02 3.90E+02 1.80E+02 

BCGJKXD 1.47E-07 1.60E+01 4.90E+00 2.40E+00 1.30E+00 6.10E-01 

ALL FPVS N/A 4.70E+03 1.50E+03 7.30E+02 3.90E+02 1.80E+02 

 

 

Table A-9: Cancer Incidence at EAB for 2 Hours (BOL) 

Source 

Term Group 

ID 

Release 

Frequency 

Cancer 

Incidence 

at 

EAB=400 

m (risk) 

Cancer 

Incidence 

at 

EAB=800 

m (risk) 

Cancer 

Incidence 

at 

EAB=1600 

m (risk) 

Cancer 

Incidence 

at 

EAB=3200 

m (risk) 

Cancer 

Incidence 

at 

EAB=8000 

m (risk) 

BGJK 9.60E-04 4.70E-03 1.50E-03 7.30E-04 3.90E-04 1.80E-04 

DE 4.44E-04 2.80E+00 8.80E-01 4.40E-01 2.40E-01 1.10E-01 

D 3.85E-04 3.00E-02 9.40E-03 4.70E-03 2.50E-03 1.20E-03 

BCGJK 2.90E-04 5.30E-03 1.60E-03 8.20E-04 4.40E-04 2.00E-04 

DGJK 6.09E-05 4.20E-03 1.30E-03 6.50E-04 3.50E-04 1.60E-04 

BJK 2.97E-05 6.80E-03 2.10E-03 1.10E-03 5.70E-04 2.60E-04 

BCJK 8.96E-06 5.90E+00 1.80E+00 9.20E-01 5.00E-01 2.30E-01 

ABFGHJK 2.03E-06 4.70E-03 1.50E-03 7.30E-04 3.90E-04 1.80E-04 

DJK 1.94E-06 4.20E-03 1.30E-03 6.50E-04 3.50E-04 1.60E-04 

BGJKXDE 5.61E-07 2.80E+00 8.90E-01 4.40E-01 2.40E-01 1.10E-01 
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Source 

Term Group 

ID 

Release 

Frequency 

Cancer 

Incidence 

at 

EAB=400 

m (risk) 

Cancer 

Incidence 

at 

EAB=800 

m (risk) 

Cancer 

Incidence 

at 

EAB=1600 

m (risk) 

Cancer 

Incidence 

at 

EAB=3200 

m (risk) 

Cancer 

Incidence 

at 

EAB=8000 

m (risk) 

BGJKXD 4.86E-07 8.90E-03 2.80E-03 1.40E-03 7.40E-04 3.40E-04 

BCGJKXDE 1.69E-07 2.80E+00 8.80E-01 4.40E-01 2.40E-01 1.10E-01 

BCGJKXD 1.47E-07 9.50E-03 3.00E-03 1.50E-03 7.90E-04 3.70E-04 

ALL FPVS N/A 2.80E+00 8.80E-01 4.40E-01 2.40E-01 1.10E-01 

 

 

 

Table A-10: Cancer Fatalities at EAB for 2 Hours (BOL) 

 

Source 

Term Group 

ID 

Release 

Frequency 

Cancer 

Fatalities 

at 

EAB=400 

m (risk) 

Cancer 

Fatalities 

at 

EAB=800 

m (risk) 

Cancer 

Fatalities 

at 

EAB=1600 

m (risk) 

Cancer 

Fatalities 

at 

EAB=3200 

m (risk) 

Cancer 

Fatalities 

at 

EAB=8000 

m (risk) 

BGJK 9.60E-04 3.90E-03 1.20E-03 6.00E-04 3.30E-04 1.50E-04 

DE 4.44E-04 2.30E+00 7.40E-01 3.60E-01 2.00E-01 9.10E-02 

D 3.85E-04 2.50E-02 7.80E-03 3.90E-03 2.10E-03 9.70E-04 

BCGJK 2.90E-04 4.40E-03 1.40E-03 6.80E-04 3.70E-04 1.70E-04 

DGJK 6.09E-05 3.50E-03 1.10E-03 5.40E-04 2.90E-04 1.40E-04 

BJK 2.97E-05 5.70E-03 1.80E-03 8.80E-04 4.80E-04 2.20E-04 

BCJK 8.96E-06 4.90E+00 1.50E+00 7.60E-01 4.10E-01 1.90E-01 

ABFGHJK 2.03E-06 3.90E-03 1.20E-03 6.00E-04 3.30E-04 1.50E-04 

DJK 1.94E-06 3.50E-03 1.10E-03 5.40E-04 2.90E-04 1.40E-04 

BGJKXDE 5.61E-07 2.40E+00 7.40E-01 3.70E-01 2.00E-01 9.10E-02 

BGJKXD 4.86E-07 7.40E-03 2.30E-03 1.10E-03 6.20E-04 2.90E-04 

BCGJKXDE 1.69E-07 2.30E+00 7.40E-01 3.60E-01 2.00E-01 9.10E-02 

BCGJKXD 1.47E-07 7.90E-03 2.50E-03 1.20E-03 6.60E-04 3.10E-04 

ALL FPVS N/A 2.30E+00 7.40E-01 3.60E-01 2.00E-01 9.10E-02 

 




