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Abstract 

Multi-Unit (MU) Nuclear Power Plants (NPPs) share safety features. As these may degrade in time, 

we propose a framework of Integrated Deterministic and Probabilistic Safety Assessment (IDPSA) 

to consider their time-dependent fragility. Physics-of-Failure (PoF) models of the shared safety 

features fragility are embedded into a dynamic model of the accident scenario evolution, whose 

uncertainties are accounted for by Monte Carlo simulation. We apply the proposed framework to a 

case study concerning a MUNPP composed of four Small Modular Dual Fluid Reactors (SMDFRs) 

sharing the Emergency Core Cooling Systems (ECCSs) and the Emergency Diesel Generators 

(EDGs). The results show the effectiveness of the framework in providing a dynamic risk picture that 

accounts for the degradation of shared safety features.  
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Acronyms 

AFS Auxiliary Feedwater System 

AGAN As Good As New 

AGAO As Good As Old 

CCF Common Cause Failure 

CCMT Cell-to-Cell Mapping Technique 

CDF Core Damage Frequency 

CP Coolant Pipe 

DET Dynamic Event Tree 

DHR Decay Heat Removal 

ECCS Emergency Core Cooling System 

EDG Emergency Diesel Generator 

ET Event Tree 

FT Fault Tree 

HD High Dependency 

IDPSA Integrated Deterministic and Probabilistic Safety Assessment 

IE Initiating Event 

LD Low Dependency 

LOCA Loss Of Coolant Accident 

LOP Loss Of Power 

LWR Light Water Reactor 

MD Medium Dependency 

MSR Molten Salt Reactor 

MU Multi-Unit 

MUPSA Multi-Unit Probabilistic Safety Assessment 

NPP Nuclear Power Plant 

NRC Nuclear Regulatory Commission 

PGA Peak Ground Acceleration 

PoF Physics-of-Failure 

PPU Pyrochemical Processing Unit 

SMDFR Small Modular Dual Fluid Reactor 

SMR Small Modular Reactor 

ZD Zero Dependency 

 

Symbols 

𝑁 Number of units 

𝑗 Index of ECCS 

𝑤 Index of EDG 

𝑖 Index of units 

𝑠 Index of safety features 

𝑁𝑠 Number of safety features 



𝛥𝑁𝑠 Number of shared safety features 

𝜏 System age 

𝑃𝑓,𝑠 Failure probability of the s-th safety feature 

𝑃𝑓,𝑠
𝐼  Failure probability due to internal causes of the s-th safety feature 

𝑃𝑓,𝑠
𝐸  Failure probability due to external causes of the s-th safety feature 

𝐻 Hazard magnitude 

𝑃𝑖 Failure probability of the i-th unit 

𝑃𝑧
𝑆 Probability of z-th scenario 

𝑚 Index of Monte Carlo trial 

𝑀 Number of Monte Carlo trials 

𝑚̇𝑙𝑒𝑎𝑘 Leak mass flow rate 

𝑡𝑟 Response time 

𝛥𝑡𝑚 Time between two successive maintenance interventions 

𝑆 Strength 

𝐿 Load 

𝑑 Pipe wall thickness 

𝑑𝑐 Corrosion defect depth 

𝑑𝑖𝑛
𝑐  Initial depth of corrosion defect 

𝑑𝑟
𝑐 Corrosion rate 

𝜙[∙] Cumulative distribution function of the standard normal distribution 

𝑅 Structural seismic response 

𝐶 Seismic capacity 

𝑅𝑚 Median structural seismic response 

𝐶𝑚 Median seismic capacity 

𝛽𝑅 Logarithmic standard deviation of 𝑅 

𝛽𝐶 Logarithmic standard deviation of 𝐶 

𝑄 Confidence level 

𝑃𝑓,𝐸𝐷𝐺
1  Probability of failure of one EDG 

𝑃𝑓,𝐸𝐷𝐺
2  Probability of failure of two EDGs due to CCF 

𝛼 Alpha-factor model parameter 

𝑛𝐸𝐶𝐶𝑆 Number of ECCS involved in CCF event 

𝑇𝑤 Cladding temperature 

𝑇𝑤,𝑛𝑜𝑚 Nominal peak cladding temperature 

𝑇𝑤,𝑓𝑎𝑖𝑙 Threshold cladding temperature 

𝑇𝑠 Simulation time 

𝜎𝑡ℎ Thermal stress 

𝐸 Young modulus 

𝛾 Coefficient of thermal expansion 

𝜎𝑈𝑇𝑆 Ultimate tensile strength 

𝑓𝑃𝐺𝐴 Earthquake magnitude-frequency curve 



𝑃𝐿𝑂𝐶𝐴,𝑖 Probability of LOCA in the i-th unit 

𝑃𝐿𝑂𝑃 Probability of LOP 

𝐴𝑚,𝐿𝑂𝑃 Median ground acceleration capacity of power infrastructure 

𝐹𝑖 Number of simulations that lead to the failure of the i-th unit 

𝐹𝑧
𝑆 Number of simulations that lead to the occurrence of the z-th failure scenario 

𝜏𝐸 Effective age of a maintained component 

𝛽 Maintenance effectiveness 

𝑚𝑐̇  Coolant mass flow rate 

𝜌 Density 

𝑣 Velocity 

𝐴 Cross-sectional area 

  



1. Introduction 

Multi-Unit (MU) Nuclear Power Plants (NPPs) share some safety features (e.g., Emergency Core 

Cooling System (ECCS), Decay Heat Removal (DHR)…) ([1], [2], [3], [4]). These features may 

degrade in time ([5], [6], [7], [8], [9]) and this must be accounted for in the risk assessment. 

To do this, in this work we propose a framework to integrate the age-dependent fragility of the shared 

safety features into an Integrated Deterministic and Probabilistic Safety Assessment (IDPSA). IDPSA 

combines deterministic and probabilistic approaches of safety assessment to overcome the limitations 

of static logic models [10] (such as Fault Trees (FTs) [11] and Event Trees (ETs) [12]). Typically, 

dynamic simulators of the system behaviour are coupled with probabilistic models to account for 

uncertainties (e.g., hazard magnitude, component failure times…). A number of methodologies have 

been developed for IDPSA (e.g., Cell-to-Cell Mapping Technique (CCMT) ([13], [14]), Dynamic 

Event Tree (DET) ([15], [16]), GO-FLOW methodology [17], Adaptive simulation ([18], [19]), 

Monte Carlo Dynamic Event Tree (MCDET) [20], Genetic Algorithm-based Dynamic Probabilistic 

Risk Assessment (GA-DPRA) [21], Analysis of Dynamic Accident Progression Trees (ADAPT) [22] 

etc.). In this work, age-dependent fragility surfaces based on tailored Physics-of-Failure (PoF) 

fragility models [23] are embedded in a dynamic model capable of accounting for equipment sharing, 

coupled with a Monte Carlo simulation scheme to account for the involved uncertainties (e.g., the 

magnitude of the hazard, the failure time and response time of the safety features,…). 

The proposed framework is applied to a MUNPP composed by 𝑁 = 4 units of Small Modular Dual 

Fluid Reactors (SMDFRs) exposed to the hazard of earthquakes. SMDFR is an innovative fast reactor 

design whose high operating temperatures make it ideal for hydrogen production [24]. For safety 

reasons, the NPP is equipped with 𝑗 = 1,… ,4 shared ECCSs that provide auxiliary coolant mass flow 

rate to the SMDFR coolant circuit in case of Loss Of Coolant Accident (LOCA), and with 𝑤 = 1,2 

shared Emergency Diesel Generators (EDGs) to be used in case of Loss Of Power (LOP). Fragility 

surfaces are defined for the safety features to calculate their age-dependent failure probability. These 



are used as inputs to a dynamic physical model that simulates the accident scenario. Integration within 

a Monte Carlo simulation scheme allows estimating the failure probability of the units of the MUNPP. 

The comparison of the results with the estimated values of Core Damage Frequency (CDF) of 

MUNPPs made of either Gen-III Light Water Reactors (LWRs) or other SMRs (in line with [25] and 

[1], respectively) confirms that neglecting the sharing of safety features may lead to overlooking 

accident scenarios and to underestimating the probability of multiple units failure. Also, considering 

perfect and imperfect safety features maintenance shows that neglecting degradation can lead to 

overly optimistic risk estimates. 

The remainder of the paper is organized as follows: Section 2 illustrates the proposed framework of 

simulation and analysis; Section 3 presents the case study; Section 4 shows the results of the 

application of the proposed framework to the case study; in Section 5, conclusions are drawn. 

 

2. A framework of IDPSA for MUPSA with aging safety features 

Let us consider a MUNPP, composed of 𝑖 = 1,2, … ,𝑁 units, and equipped with 𝑠 = 1,2, … ,𝑁𝑠 safety 

features, among which Δ𝑁𝑠 are shared among the 𝑁 units. The MUNPP is exposed to natural hazards, 

e.g. earthquakes. To account for aging of the shared safety features the following steps are carried out 

(Fig. 1): 

1) Characterize: 

a. the natural hazard, by the magnitude-frequency curve; 

b. the system response to the hazard, in particular in terms of: 

b.i. the safety features performance, by age-dependent fragility surfaces; 

b.ii. the Common Cause Failures (CCFs) of the Δ𝑁𝑠 shared safety features, by CCF 

models; 

2) Define a dynamic model of the accident scenario evolution; 



3) Calculate the system failure probability at each age 𝜏, by integrating the dynamic model into 

a Monte Carlo simulation scheme to account for the uncertainties therein. 

 

Fig.1. Flowchart of the proposed framework. 

2.1 Hazard and system characterization  

Natural hazards are typically characterized by a magnitude-frequency curve, extracted from historical 

data. The system response to a hazard depends on its physical properties, layout, subsystems and 

components, also possibly shared among different units of the system.  

Each 𝑠 = 1,2, … ,𝑁𝑠 safety feature in the system is characterized by a response time 𝑡𝑟,𝑠 and a failure 

probability 𝑃𝑓,𝑠 (see Eq. 1); the latter is composed of the probability of failure due to internal causes 

(𝑃𝑓,𝑠
𝐼 ) and due to external hazards (𝑃𝑓,𝑠

𝐸 ), both functions of the age 𝜏 and the latter also of the hazard 

magnitude 𝐻 [23]: 

𝑃𝑓,𝑠(𝐻, 𝜏) = 𝑃𝑓,𝑠
𝐼 (𝜏) + 𝑃𝑓,𝑠

𝐸 (𝐻, 𝜏) − 𝑃𝑓,𝑠
𝐼 (𝜏) ∙ 𝑃𝑓,𝑠

𝐸 (𝐻, 𝜏) [1] 

In particular, 𝑃𝑓,𝑠
𝐼 (𝜏) can be computed by a degradation model (e.g., a pipe corrosion degradation 

model with a threshold-based failure criterion on the pipe thickness [26]), whereas 𝑃𝑓,𝑠
𝐸 (𝐻, 𝜏) can be 

calculated using a fragility surface obtained integrating PoF-based aging models into the fragility 

model of the specific safety feature exposed to the specific natural hazard [23]. 

The probability of CCF among the shared safety features is assessed by typical CCF models, such as: 

1) Characterization of:

a. the natural hazard

b. the system response to the hazard, in particular by:

b.i.   the inter-unit dependencies

b.ii.  the safety barriers aging-dependent per

2) Definition of the dynamic model of the system

3) Calculation of the system failure probability

CCF modelsb.ii. the CCFs of the shared safety features  

Fragility surfacesb.i. the safety features aging-dependent performance



• alpha-factor model [27]; for a subgroup of 𝑁𝐴 ∈ ∆𝑁𝑠 shared safety features, CCF factors 

𝛼1, 𝛼2, … , 𝛼𝑁𝐴
 are defined and the probabilities of failure of groups of 1,2, … ,𝑁𝐴 safety 

features (i.e., 𝑃𝑓,𝑠
1 , 𝑃𝑓,𝑠

2 , … , 𝑃𝑓,𝑠
𝑁𝐴) are calculated: 

𝑃𝑓,𝑠
1 = 𝛼1𝑃𝑓,𝑠 

𝑃𝑓,𝑠
2 = 𝛼2𝑃𝑓,𝑠 

… 

𝑃𝑓,𝑠
𝑁𝐴 = 𝛼𝑁𝐴

𝑃𝑓,𝑠 

[2] 

• dependency evaluation tree [28]; for a subgroup of 𝑁𝐵 ∈ ∆𝑁𝑠 shared safety features, a 

dependency evaluation tree (e.g., Fig. 2, where ZD stands for “Zero Dependency”, LD stands 

for “Low Dependency”, MD stands for “Medium Dependency” and HD stands for “High 

Dependency”) is used to evaluate the dependency among the features. 

 

Fig. 2. Dependency evaluation tree [28]. 

Then, the probability associated with each CCF combination is calculated as follows [28]: 



𝑃𝑠,𝐶𝐶𝐹(𝑛𝐵) = ∑ (𝑃𝑓,𝑏 ∙ ∏ 𝑃𝐶𝐶𝐹,𝑐(𝑏)

𝑛𝐵

𝑐=1,𝑐≠𝑏

)

𝑛𝐵

𝑏=1

 [3] 

where 𝑛𝐵 is the number of safety features involved in the CCF combination and 𝑃𝐶𝐶𝐹,𝑐(𝑏) is 

the probability of failure of the c-th safety feature conditioned to the failure of the b-th safety 

feature, defined as in Tab. 1. 

 

Tab. 1. Conditional failure probabilities. 

Dependency level Conditional probability 

ZD 𝑃𝐶𝐶𝐹,𝑐 = 𝑃𝑓,𝑐 

LD 𝑃𝐶𝐶𝐹,𝑐 =
1 + 19𝑃𝑓,𝑐

20
 

MD 𝑃𝐶𝐶𝐹,𝑐 =
1 + 6𝑃𝑓,𝑐

7
 

HD 𝑃𝐶𝐶𝐹,𝑐 =
1 + 𝑃𝑓,𝑐

2
 

 

2.2 Dynamic model of accident evolution  

The parameters values defined in Section 2.1 (i.e., 𝑡𝑟,𝑠, 𝑃𝑓,𝑠 and the CCF probabilities) are fed to a 

dynamic model to simulate the evolution of the accident scenarios in terms of relevant safety 

parameters.  

2.3 System failure probability calculation  

Simulations are performed to quantify the failure probability at each age 𝜏 of single units and groups 

of units (𝑃𝑖 with 𝑖 = 1,2, … ,𝑁 and 𝑃𝑧
𝑆 with 𝑧 = 1,2, … ,𝑁, respectively), conditioned to the accidental 

scenario occurred. To account for uncertainties (e.g., in the hazard magnitude, safety features failure 

times and response times,…) Monte Carlo simulation of 𝑀 alternative scenario conditions is 

performed. A flowchart of the procedure for the simulation is provided in Fig. 3. 



 

Fig.3. Flowchart of the Monte Carlo simulation scheme.  

3. Case study 

The case study regards a MUNPP composed of 𝑁 = 4 SMDFRs units [24]. In Fig. 4, one SMDFR is 

shown. In this novel reactor design, the liquid fuel, which is a mixture of uranium tetrachloride and 

plutonium tetrachloride, enters the core vessel at the bottom, spreads over a system of vertical tubes 

that provide enough surface for the heat transfer and leaves the reactor from the top, towards the 

Pyrochemical Processing Unit (PPU). The liquid coolant, which is pure lead, enters the core vessel 

from the bottom, removes the heat from the fuel tubes by conduction and leaves the vessel from the 

top towards the heat exchanger. The design life of the system is assumed to be equal to 60 years [29]. 



 

Fig.4. Sketch of the SMDFR [30]. 

 

The design parameters of the SMDFRs units (all identical) are reported in Tab. 2. 

Tab. 2. Design properties of the SMDFR [31]. 

Parameter Value 

Core zone 𝐷 𝑥 𝐻 [m] 0.95 𝑥 2.0 

Distribution zone 𝐷 𝑥 𝐻 [m] 0.95 𝑥 0.2 

Collection zone 𝐷 𝑥 𝐻 [m] 0.95 𝑥 0.2 

Height of the core [m] 2.4 

Outer reflector diameter [m] 1.25 

Tank 𝐷 𝑥 𝐻 [m] 1.65 𝑥 3.4 

Number of fuel tubes 1027 

Fuel pin pitch [m] 0.025 

Outer/interior fuel tube diameter [m] 0.008/0.007 

Outer/interior coolant tube diameter [m] 0.005/0.004 

Mean linear power density [W/cm] 609 

Thermal power [MW] 250 

Fuel inlet temperature [K] 1300 

Coolant inlet temperature [K] 973 

Nominal peak cladding temperature [K], 𝑇𝑤,𝑛𝑜𝑚 1150 

Fuel inlet velocity [m/s] 3 

Coolant inlet velocity [m/s] 5 



3.1 Hazard and system characterization 

The considered Initiating Event (IE) is the occurrence of an earthquake with Peak Ground 

Acceleration (PGA) 𝑃𝐺𝐴 ∈ [0, 19.62]
𝑚

𝑠2. The magnitude-frequency curve is taken from [32] and 

shown in Fig. 5. It is important to note that: 

• the magnitude-frequency curve does not correspond to a site-specific design basis earthquake, 

nor it is intended to relate to the natural frequencies of the safety-related systems; 

• all safety features are assumed to be located at the same elevation and exposed to a seismic 

wave with a single, fixed direction. 

 

Fig. 5. Earthquake magnitude-frequency curve. 

For illustrative purposes and without loss of generality, it is assumed that the earthquake occurrence 

leads only to a LOCA with the leak flow rate 𝑚̇𝑙𝑒𝑎𝑘 shown in Fig. 6, which mimics the flow rate of 

conventional LWRs during LOCA [33]. 

 



Fig. 6. LOCA leak flow rate. 

To prevent the occurrence of a LOCA, the NPP is equipped with stainless steel Coolant Pipes (CPs); 

to mitigate the consequences of a LOCA, the NPP is equipped with 𝑗 = 1,… ,4 ECCSs (one for each 

unit, with a modular piping system that allows for the sharing of flow among all units, while 

guaranteeing that each ECCS can perform its safety function independently from the others, in line 

with the design criteria of the Nuclear Regulatory Commission (NRC) [34] and 𝑤 = 1,2 EDGs 

(shared among all units, with each EDG being capable of providing power to all ECCSs in case of 

LOP [35]) (Tab.3). 

 

Tab. 3. Safety features employed in the system. 

Safety Feature Classification Description 

Coolant Pipes (CP) Passive, Preventive Liquid lead containment 

Emergency Core Cooling System (ECCS) Active, Mitigative Auxiliary coolant delivery in case of LOCA 

Emergency Diesel Generator (EDG) Active, Mitigative Independent source of power in case of LOP 

 

The considered safety features are actuated on demand with an uncertain response time 𝑡𝑟,𝑠 (Tab. 4, 

second column) and maintained each Δ𝑡𝑚,𝑠 (Tab. 4, third column). The value of Δ𝑡𝑚,𝐸𝐶𝐶𝑆 is assumed 

equal to that of an Auxiliary Feedwater System (AFS) of a typical light water reactor [36]; 

furthermore, Δ𝑡𝑚,𝐶𝑃 is necessarily synchronous to the periodic drainage of coolant and fuel from the 

reactor. 

Tab. 4. Safety features employed in the system. 

Safety Feature 𝒕𝒓,𝒔 𝚫𝒕𝒎,𝒔 

Coolant Pipe (CP) 𝑡𝑟,𝐶𝑃 = 0 3 𝑦 

Emergency Core Cooling System (ECCS) 𝑡𝑟,𝐸𝐶𝐶𝑆~[30,60] 𝑠 [37] 0.5 𝑦 [36] 



Emergency Diesel Generator (EDG) 𝑡𝑟,𝐸𝐷𝐺~[60,300] s [38] 1.5 𝑦 [39] 

The failure probabilities 𝑃𝑓,𝑠, 𝑃𝑓,𝑠
𝐼  and 𝑃𝑓,𝑠

𝐸  are assessed as follows: 

1. CP: 

a. 𝑃𝑓,𝐶𝑃
𝐼  is assessed with a load strength model [40]: 

𝑃𝑓,𝐶𝑃
𝐼 (𝜏) = 𝑃(𝑆𝐶𝑃 ≤ 𝐿𝐶𝑃(𝜏)) [4] 

where 𝐿𝐶𝑃 is the load, i.e., the depth of the water pitting corrosion on the pipes 𝑑𝐶𝑃
𝑐 (𝜏), 

whose initial value 𝑑𝑖𝑛,𝐶𝑃
𝑐  is assumed to follow a normal distribution 

𝑑𝑖𝑛,𝐶𝑃
𝑐 ~𝑁(1.59 𝑚𝑚, 0.619 𝑚𝑚) [41], and 𝑆𝐶𝑃 is the strength, i.e., 80% of the 

thickness of the pipe. CP is considered failed if the pipe thickness is equal or lower 

than 20% of its initial value. The increase in 𝑑𝐶𝑃 is calculated using a corrosion rate 

𝑑𝑟,𝐶𝑃
𝑐 = 1.1

𝑚𝑚

𝑦𝑒𝑎𝑟
[26]. The resulting 𝑃𝑓,𝐶𝑃

𝐼  is shown in Fig. 7 as a function of age. 

 

Fig. 7. 𝑃𝑓,𝐶𝑃
𝑖  as a function of age. 

b. 𝑃𝑓,𝐶𝑃
𝐸  is assessed with a fragility surface obtained integrating the fragility model from 

[42] with the data from [43], which relates the seismic capacity to the thickness of the 

pipe, leading to the fragility surface of Eq. (5): 

𝑃𝑓,𝐶𝑃
𝐸 (𝑃𝐺𝐴, 𝜏) = 𝜙

[
 
 
 
𝑙𝑛(𝑅𝑚,𝐶𝑃(𝑃𝐺𝐴)) − 𝑙𝑛(𝐶𝑚,𝐶𝑃(𝜏))

√𝛽𝐶𝐶𝑃

2 + 𝛽𝑅𝐶𝑃

2

]
 
 
 

 [5] 



where 𝜙[∙] is the cumulative distribution function of the standard normal distribution, 

𝑅𝑚,𝐶𝑃 and 𝐶𝑚,𝐶𝑃 are the CP median structural seismic response and the age-dependent 

median seismic capacity, respectively, and 𝛽𝑅𝐶𝑃
= 0.07 and 𝛽𝐶𝐶𝑃

= 0.14 are the 

logarithmic standard deviations of 𝑅𝐶𝑃 and 𝐶𝐶𝑃. The resulting fragility surface is 

shown in Fig. 8. 

  

Fig. 8. 𝑃𝑓,𝐶𝑃
𝐸  as a function of age and PGA. 

2. ECCS: 

a. 𝑃𝑓,𝐸𝐶𝐶𝑆
𝐼  is assessed with a load strength model: 

𝑃𝑓,𝐸𝐶𝐶𝑆
𝐼 (𝜏) = 𝑃(𝑆𝐸𝐶𝐶𝑆 ≤ 𝐿𝐸𝐶𝐶𝑆(𝜏)) [6] 

where 𝐿𝐸𝐶𝐶𝑆 is the load, i.e., the depth of the water pitting corrosion on the pipes 

𝑑𝐸𝐶𝐶𝑆
𝑐 (𝜏), whose initial value 𝑑𝑖𝑛,𝐸𝐶𝐶𝑆

𝑐  is assumed to follow the same normal 

distribution as 𝑑𝑖𝑛,𝐶𝑃
𝑐 , and 𝑆𝐸𝐶𝐶𝑆 is the strength, i.e., 80% of the thickness of the pipe. 

The increase in 𝑑𝐸𝐶𝐶𝑆
𝑐  is calculated using a corrosion rate 𝑑𝑟,𝐸𝐶𝐶𝑆

𝑐 < 𝑑𝑟,𝐶𝑃
𝑐 , since the 

liquid lead is not flowing inside the ECCS pipes. The decrease in corrosion rate due 

to the absence of flow is estimated following [44], leading to 𝑑𝑟,𝐸𝐶𝐶𝑆
𝑐 = 0.55

𝑚𝑚

𝑦𝑒𝑎𝑟
 [44]. 

𝑃𝑓,𝐸𝐶𝐶𝑆
𝐼  is shown in Fig. 9 as a function of age. 



 

Fig. 9. 𝑃𝑓,𝐸𝐶𝐶𝑆
𝑖  as a function of age. 

b. 𝑃𝑓,𝐸𝐶𝐶𝑆
𝐸  is computed with Eq. (5), using the data in [43] together with 𝑑𝑟,𝐸𝐶𝐶𝑆

𝑐  to 

calculate the decrease in seismic capacity of ECCS pipes, leading to the fragility 

surface shown in Fig. 10. 

 

 

Fig. 10. 𝑃𝑓,𝐸𝐶𝐶𝑆
𝐸  as a function of age and PGA. 

3. EDG: 

a. the failure of EDG due to internal causes is assumed to be induced by its cooling pipes 

failure [45]. 𝑃𝑓,𝐸𝐷𝐺
𝐼  is computed with a load-strength model: 

𝑃𝑓,𝐸𝐷𝐺
𝐼 (𝜏) = 𝑃(𝑆𝐸𝐷𝐺 ≤ 𝐿𝐸𝐷𝐺(𝜏)) [7] 

where 𝐿𝐸𝐷𝐺  is the load, i.e., the depth of the water pitting corrosion on the cooling 

pipes 𝑑𝐸𝐷𝐺
𝑐 (𝜏), whose initial value 𝑑𝑖𝑛,𝐸𝐷𝐺

𝑐  is assumed to follow the same normal 



distribution as 𝑑𝑖𝑛,𝐶𝑃
𝑐 , and 𝑆𝐸𝐷𝐺 is the strength, i.e., 80% of the thickness of the pipe. 

The increase of 𝑑𝐸𝐷𝐺
𝑐 (𝜏) is calculated using the corrosion rates of Tab. 5. 𝑃𝑓,𝐸𝐷𝐺

𝐼  is 

shown in Fig. 11 as a function of age. 

Tab. 5. EDG corrosion rates [46]. 

Exposure time 

 𝒕𝒆 [𝒅𝒂𝒚𝒔] 
𝒅𝒓,𝑬𝑫𝑮

𝒄  

[𝒎𝒎/𝒚]  

𝑡𝑒 ≤ 497 0.52 

497 < 𝑡𝑒 ≤ 759 0.52 

759 < 𝑡𝑒 ≤ 780 0.42 

780 < 𝑡𝑒 ≤ 1116 0.43 

𝑡𝑒 ≥ 1116 0.42 

 

 

Fig. 11. 𝑃𝑓,𝐸𝐷𝐺
𝐼  as a function of age. 

b. 𝑃𝑓,𝐸𝐷𝐺
𝐸  is computed with a fragility surface obtained integrating the fragility model 

from [47] with the seismic capacity degradation data from [43], leading to the fragility 

surface of Eq. (8): 

𝑃𝑓,𝐸𝐷𝐺
𝐸 (𝑃𝐺𝐴, 𝜏) = 𝜙 [

𝑙𝑛 (
𝑃𝐺𝐴

𝐶𝑚,𝐸𝐷𝐺
) + 𝛽𝑈𝜙−1(𝑄)

𝛽𝑅
] [8] 

where 𝐶𝑚,𝐸𝐷𝐺 is the median seismic capacity of EDG, 𝑄 = 0.95 is the confidence 

level, 𝛽𝑈 = 0.26 and 𝛽𝑅 = 0.24. The resulting fragility surface is shown in Fig. 12. 

 



 

Fig. 12. 𝑃𝑓,𝐸𝐷𝐺
𝑒  as a function of age and PGA. 

Notice that a seismic event leading to the failure of CP, and therefore to a LOCA, 

would also likely cause the failure of the EDG, since 𝑃𝑓,𝐸𝐷𝐺
𝐸 ≥ 𝑃𝑓,𝐶𝑃

𝐸  across all PGA 

values and system ages 𝜏. 

The inter-unit failure dependencies are accounted for by considering the possible CCFs among EDGs 

and ECCSs as follows: 

• To model the probabilities of occurrence of CCF events involving one or two EDGs, an alpha-

factor model is developed, based on historical data (Fig. 13 shows the count of CCF events 

for each sub-system of EDGs [48]), an alpha-factor model is used [27]: 

𝑃𝑓,𝐸𝐷𝐺
1 = 𝛼1𝑃𝑓,𝐸𝐷𝐺 [9] 

𝑃𝑓,𝐸𝐷𝐺
2 = 𝛼2𝑃𝑓,𝐸𝐷𝐺 [10] 

where 𝑃𝑓,𝐸𝐷𝐺
1  and 𝑃𝑓,𝐸𝐷𝐺

2  are the probabilities that only one EDG fails and that both fail due 

to CCF, respectively, 𝛼1 = 0.9881 and 𝛼2 = 0.0119 [49]. 



 

Fig. 13. CCF events involving each EDG sub-system. 

• Historical data on ECCS are, instead, not available because of the SMDFR being a new 

design; the dependency evaluation tree of Fig. 2 [28] is, thus, used to evaluate the dependency 

among the different ECCSs. We assume that the ECCSs are HD among each other, since in 

the considered MUNPP they share the same design, maintenance team, operation mode, 

environment and a number of components. Therefore, the probability of the CCF 

combinations is calculated as [28]: 

𝑃𝐸𝐶𝐶𝑆,𝐶𝐶𝐹(𝑛𝐸𝐶𝐶𝑆) = 𝑛𝐸𝐶𝐶𝑆 ∙ 𝑃𝑓,𝐸𝐶𝐶𝑆 ∙ (
1 + 𝑃𝑓,𝐸𝐶𝐶𝑆

2
)
𝑛𝐸𝐶𝐶𝑆−1

 [11] 

where 𝑛𝐸𝐶𝐶𝑆 is the number of ECCSs involved in the CCF group. 

 

3.2 Monte Carlo-based integrated dynamic probabilistic model 

The dynamic model developed [31] (see the brief description provided in Appendix A) simulates safe 

and accidental conditions transients that might occur in the system. The Monte Carlo simulation takes 

as input the actual age of the system 𝜏 ∈ [0,60] 𝑦 and proceeds as shown in Fig. 14 to provide in 

output the peak cladding temperature 𝑇𝑤,𝑖(𝑡) of each i-th reactor of the MUNPP over a time horizon 

𝑇𝑠 = 1200 𝑠, which is the time allowed to confirm that the drainage of the fuel from the reactor core 

through the melting fuel plug is successful ([24], [50], [51]), and thus the accident is successfully 

mitigated.  



The threshold cladding temperature not to be exceeded during the accident is 𝑇𝑤,𝑓𝑎𝑖𝑙 = 1244 𝐾, as 

results from the solution of Eq. (12) of the thermal stress on the fuel pipes: 

𝜎𝑡ℎ = 𝐸𝛾(𝑇)Δ𝑇 [12] 

where 𝐸 = 207 𝐺𝑃𝑎 is the Young’s Modulus of Nickel 201, which is the candidate material for 

Molten Salt Reactors (MSRs) [52], 𝛾(𝑇) is the temperature-dependent coefficient of thermal 

expansion (estimated interpolating the data in [53]) and Δ𝑇 is the resulting temperature change of the 

fuel pipes to the ultimate tensile strength of the pipe, 𝜎𝑚𝑎𝑥 = 𝜎𝑈𝑇𝑆 = 345 𝑀𝑃𝑎 (Δ𝑇𝑓𝑎𝑖𝑙 = 94 °𝐶 and 

𝑇𝑤,𝑓𝑎𝑖𝑙 = 𝑇𝑤,𝑛𝑜𝑚 + Δ𝑇𝑓𝑎𝑖𝑙 = 1244 𝐾). 

 

Fig.14. Monte Carlo simulation flowchart. 

A Monte Carlo simulation of 𝑀 trials is performed to calculate the failure probability 𝑃𝑖 of each 

reactor and of group of reactors 𝑃𝑧
𝑆 (where 𝑆 = 1,2,3,4 corresponds to the failure of one, two, three 

and four reactors, respectively), as follows: 

1. the earthquake PGA is sampled from the magnitude-frequency curve (𝑓𝑃𝐺𝐴) of the site; 

2. 𝜏 and PGA are used to determine: 



2.1. the probability of LOCA occurrence of each reactor 𝑃𝐿𝑂𝐶𝐴,𝑖 = 𝑃𝑓,𝐶𝑃,𝑖, as described in 

Section 3.1; 

2.2. the failure probability of each ECCS 𝑃𝑓,𝐸𝐶𝐶𝑆,𝑗, as described in Section 3.1; 

2.3. the failure probability of each EDG 𝑃𝑓,𝐸𝐷𝐺,𝑤, as described in Section 3.1; 

2.4. the probability of LOP 𝑃𝐿𝑂𝑃, assessed with the following fragility model [54]: 

𝑃𝐿𝑂𝑃(𝑃𝐺𝐴) = 𝜙 [
𝑙𝑛 (

𝑃𝐺𝐴
𝐴𝑚,𝐿𝑂𝑃

) + 𝛽𝑈,𝐿𝑂𝑃𝜙−1(𝑄)

𝛽𝑅,𝐿𝑂𝑃
] [13] 

where 𝐴𝑚,𝐿𝑂𝑃 = 0.2 𝑔 is the time-dependent median ground acceleration capacity, 𝑄 

is the confidence level, 𝛽𝑈,𝐿𝑂𝑃 = 0.25 and 𝛽𝑅,𝐿𝑂𝑃 = 0.2; 

3. the probabilities determined in Step 2 and the CCF models of Section 3.1 are used to sample 

the state of ECCSs and EDGs, and the occurrence of LOP and LOCA; 

4. the failure events occurrence times (i.e., 𝑡𝐸𝐶𝐶𝑆,𝑗 , 𝑡𝐸𝐷𝐺,𝑤, 𝑡𝐿𝑂𝑃 and 𝑡𝐿𝑂𝐶𝐴,𝑖) and the response 

times of each ECCS and each EDG (i.e., 𝑡𝐸𝐶𝐶𝑆,𝑗
𝑟 , 𝑡𝐸𝐷𝐺,𝑤

𝑟 ) are sampled from the corresponding 

distributions (Tab. 6); 

5. the simulation of the dynamic model is performed and, for each i-th unit, the output values 

𝑇𝑤,𝑖 are obtained to determine whether the unit is failed or not. In Fig. 15, two examples of 

𝑇𝑤,1 transients are shown: on the left, after the initial rise in temperature due to a LOCA at 

𝑡 = 365 𝑠, the activation of the ECCS around 𝑡 = 800 𝑠 causes the temperature to decrease 

and, then, stabilize; on the right, the unmitigated rise in temperature due to a LOCA at 𝑡 =

50 𝑠 leads to the reactor failure around 𝑡 = 700 𝑠; 



   

Fig. 15. Example transients of 𝑇𝑤,1. On the left a safe transient and on the right a failed transient. The solid 

straight line indicates the failure threshold. 

6. 𝑀 trials are repeated from Step 1; 

7. finally, 𝑃𝑖 and 𝑃𝑧
𝑆 are calculated as follows: 

𝑃𝑖 =
𝐹𝑖

𝑀
 [14] 

𝑃𝑧
𝑆 =

𝐹𝑧
𝑆

𝑀
 [15] 

where 𝐹𝑖 is the number of simulations that lead to the failure of the i-th unit and 𝐹𝑧
𝑆 is the number of 

simulations that lead to the occurrence of the z-th scenario. 

 

Tab. 6. Distributions of the uncertain failure and response times. 

Variable Description Distribution 

𝑡𝐸𝐷𝐺  Failure time of EDG [s] 𝑡𝐸𝐷𝐺~𝑈(0,500) 𝑠 

𝑡𝐸𝐶𝐶𝑆 Failure time of ECCS [s] 𝑡𝐸𝐶𝐶𝑆~𝑈(0,500) 𝑠 

𝑡𝐿𝑂𝑃 Time of LOP [s] 𝑡𝐿𝑂𝑃~𝑙𝑜𝑔𝑁(3.30,1) 𝑠 

𝑡𝐿𝑂𝐶𝐴 Time of LOCA [s] 𝑡𝐿𝑂𝐶𝐴~𝑙𝑜𝑔𝑁(3.30,1) 𝑠 

𝑡𝐸𝐶𝐶𝑆
𝑟  Response time of ECCS [s] 𝑡𝐸𝐶𝐶𝑆

𝑟 ~𝑈(30,90) 𝑠[37] 

𝑡𝐸𝐷𝐺,𝑤
𝑟  Response time of EDG [s] 𝑡𝐸𝐷𝐺

𝑟 ~𝑈(10,180) 𝑠[55] 

 

 



4. Results 

The framework presented in Section 2 has been applied to the case study of Section 3. In Fig. 16 and 

Fig. 17, we show the estimates of 𝑃𝑖 and 𝑃𝑧
𝑆, 𝑧 = 1,2,3,4, respectively, at the end of the design life 

(i.e., at 𝜏 = 60 𝑦) for the MUSMDFR, in comparison with the typical values of CDF of Gen-III LWRs 

(see [25], [56]) and of a MUNPP comprised of other SMRs (see [1]), when neither the degradation 

of safety features nor the contribution to the CDF of the sharing of safety features are considered. 

 

Fig. 16. Comparison of 𝑃𝑖 , neglecting safety features degradation.  

 

Fig. 17. Comparison of 𝑃𝑧
𝑆, neglecting safety features degradation. 



As shown in Fig. 16, both MUSMRs and MUSMDFRs achieve failure probability values lower than 

the current threshold of acceptability (i.e., 𝑃𝑖,𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 10−5 [57]), meaning that SMDFRs can be 

regarded as safe as other SMR designs (limited to LOCAs triggered by seismic events). On the other 

hand, Fig. 17 highlights the importance of considering the sharing of safety features when conducting 

a MUPSA: whereas MUSMDFRs and MUSMRs have similar probabilities of single unit failure (i.e., 

𝑃1
𝑆), the probabilities of multiple reactor failures (i.e., 𝑃2

𝑆, 𝑃3
𝑆 and 𝑃4

𝑆) in MUSMDFRs are several 

orders of magnitude larger than those in MUSMRs; such difference is due to neglecting the effect of 

sharing safety features in the risk assessment of MUSMRs. 

To show the impact of the safety features degradation on the MUSMDFRs risk assessment, in Fig. 

18 and Fig. 19 we compare the values of 𝑃𝑖 and 𝑃𝑧
𝑆 obtained neglecting safety features degradation 

with the ones obtained considering degradation with models described in Section 3.1 and the 

maintenance schedule of Tab. 4, under two different assumptions: 

1. Perfect maintenance (i.e., the safety features are restored As Good As New (AGAN) upon 

maintenance); 

2. Imperfect maintenance (i.e., the degradation of the safety features is reduced but not 

eliminated by the maintenance intervention [58]). To do this, we use the imperfect 

maintenance model described in ([59], [60]), which allows calculating the effective age of the 

maintained component as follows: 

𝜏𝐸
𝑘 = 𝜏𝐸

𝑘−1 + 𝛽Δ𝑡𝑚 [16] 

where 𝜏𝐸
𝑘 is the effective age immediately after the k-th maintenance intervention, 𝛽 ∈ [0,1] 

is the effectiveness of the maintenance intervention (𝛽 = 0 represents perfect maintenance, 

i.e. AGAN; 𝛽 = 1 represents completely ineffective maintenance, i.e. As Good As Old 

(AGAO)) and Δ𝑡𝑚 is the time between two successive maintenance interventions. Without 

loss of generality, we assume 𝛽 = 0.1. 



 

Fig. 18. Results for 𝑃𝑖  considering perfect and imperfect maintenance. 

 

Fig. 19. Results for 𝑃𝑧
𝑆 considering perfect and imperfect maintenance. 

As expected, Fig.18 and Fig. 19 show that the degradation of the aging safety features leads to an 

increase in the failure probability of the reactors, especially in the case of imperfect maintenance. The 

causes of such increase are twofold: firstly, the employment of a highly corrosive coolant, and 

secondly the suboptimal maintenance strategy outlined in Tab. 4, which is based on typical 

maintenance schedules of existing nuclear reactors (for ECCS and EDG) and on expert-judgement 

(for CP). To further illustrate the impact of degradation under imperfect maintenance, Fig. 20 shows 

the values of 𝑃𝑖 at different system ages: a 𝑃𝑖 increase is observed at 60 years of operation, 



emphasizing the importance of reviewing the system conditions, as customary, after the first 40 years 

of operation, prior to any decision regarding the extension of the system life to 60 years or beyond  

 

Fig. 20. Values of 𝑃𝑖  at different system ages considering imperfect maintenance. 

The results presented highlight that neglecting the degradation of safety features leads to an 

underestimation of the risk and possibly to suboptimal decision making, especially in case of reactors 

employing highly corrosive coolants, such as the SMDFR. 

5. Conclusions 

A novel IDPSA framework has been proposed for the risk assessment of MUNPPs, accounting for 

shared safety features and their degradation. The inter-unit failure dependencies among the shared 

safety features have been modelled by classical CCF models and the degradation of the safety features 

has been accounted for by integrating PoF-based aging models into the features fragility models, so 

as to define tailored fragility surfaces. A dynamic model has been developed to simulate accidental 

scenarios, within a Monte Carlo simulation scheme to account for uncertainties. 

The proposed framework has been applied to a case study regarding a MUNPP composed of four 

units of SMDFR exposed to earthquake hazard. The results show the relevance of considering both 

the sharing and the degradation of safety features for the risk value of MUNPPs: neglecting these 

could lead to overly optimistic risk estimates.  



Appendix A: The MUSMDFR simulation model 

The developed model simulates four units of SMDFR, each consisting of a core described by two 

models: a neutronic model and a thermal-hydraulic model, linked by the reactivity feedback.  

To capture the neutronic behaviour of the SMDFR, a modified point kinetic model with 6 delayed 

neutron groups is adopted to account for the flowing of the fuel: even if the fuel outside the core is 

kept subcritical, the decay process of delayed neutron precursors has to be considered to evaluate its 

impact on the neutron distribution in the core. This is done considering two additional terms: the 

precursor loss when the fuel leaves the core, and the precursor gain when the fuel re-enters the core 

[31]. Then, a thermal-hydraulic model is built based on the assumption that the fuel, piping wall and 

coolant in the core are divided into 3 parts and each part has lumped propertied [31]. 

To model the occurrence of a LOCA, the following assumptions are made: 

• the LOCA flow rate 𝑚̇𝑙𝑒𝑎𝑘 mimics the one that might occur in conventional reactors [33], 

leading to: 

𝑚̇𝑙𝑒𝑎𝑘 = 𝑚̇𝑙𝑒𝑎𝑘,0 + 𝑎 ∙ 𝑡𝑏 [17] 

where 𝑚̇𝑙𝑒𝑎𝑘,0 = 18
𝑘𝑔

𝑠
 is the initial value of the leak flow rate and 𝑎 and 𝑏 are parameters. 

We assume that, without loss of generality, 𝑎 = 3 and 𝑏 =
1

4
. 

• the velocity imposed by the pump on the coolant is constant. Therefore, the flow rate of the 

coolant 𝑚̇𝑐 decreases as the total coolant mass decreases due to air entering the pipes. This 

change is due to the reduced density of the fluid in the pipe cross-section, since the mass flow 

rate of a pump 𝑚̇ can be expressed as: 

𝑚̇ = 𝜌𝑣𝐴 [18] 

where 𝜌 is the density of the fluid, 𝑣 is the constant velocity of the fluid and 𝐴 is the cross-

sectional area. Therefore, we can calculate 𝑚̇𝑐 as follows: 



𝑚̇𝑐 = 𝑚̇𝑐,0 ∙
𝜌𝑙𝑒𝑎𝑑 ∙ 𝑎 + 𝜌𝑎𝑖𝑟 ∙ (1 − 𝑎)

𝜌𝑙𝑒𝑎𝑑
 [19] 

where 𝑚̇𝑐,0 is the nominal coolant mass flow rate, 𝜌𝑙𝑒𝑎𝑑 is the density of liquid lead, 𝜌𝑎𝑖𝑟 is 

the density of air and 𝑎 is the fraction of the total coolant mass that has been leaked. 

Finally, to mitigate the accidental scenario that follows the LOCA, the mitigative action of ECCS is 

modelled as a constant flow rate of liquid lead, leading to: 

𝑚̇𝑐,𝑡𝑜𝑡 = 𝑚̇𝑐 + 𝑚̇𝑐,𝐴𝐶𝑆 
[20] 
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