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We develop a three-loop Monte Carlo Simulation (MCS) framework for the seismic resilience assessment of Small
Modular Reactors (SMRs), embedding Probabilistic Seismic Hazard Analysis (PSHA), seismic fragility evaluation
and multiple SMR units accident sequence analysis. A set of metrics are computed to capture different aspects of
SMR resilience to earthquakes, specifically the ability to withstand seismic disruption, mitigate consequences and
restore normal operation. The MCS framework allows accounting for the aleatory and epistemic uncertainties of

the PSHA and fragility parameters. An application is given with regards to an advanced Nuclear Power Plant
(aNPP) consisting of four reactor units of NuScale SMR design. A comparison is made to a conventional NPP
(cNPP), i.e., a typical large reactor of equivalent generation capacity. Both plants are fictitiously located on the
Garigliano nuclear site (southern Italy). The results show that resilient features of SMRs overcome cNPPs in terms
of post-accident scenario mitigation and restoration capabilities.

1. Introduction

The increased frequency and severity of extreme natural events calls
for reliable, safe and resilient energy systems (Schaeffer et al., 2012;
Perera et al., 2020; Di Maio et al., 2021). This is of great concern also for
the nuclear power industry, due to the potentially catastrophic conse-
quences of accidents (Kemeny, 1979; Lipscy et al., 2013; Eddy and Sase,
2015) and the requirements on post-accident response (Ahn et al., 2017;
Funabashi and Kitazawa, 2012).

To address this concern Small Modular Reactor (SMR) designs have
been introduced to benefit from small size, modularity, and novel
inherent (e.g., integral reactor vessel layout) and passive (e.g., natural
circulation of primary coolant) safety characteristics (Di Maio et al.,
2022). These advanced Nuclear Power Plants (aNPPs) can meet the set
of functional requirements for resilience, intended to ensure that they
are little vulnerable to and readily recoverable from Natural hazard
triggered Technological (NaTech) accidents, such as Loss Of Offsite
Power (LOOP) and Loss Of Coolant Accidents (LOCAS).

This paper presents the development of an approach to quantita-
tively assess the resilience of SMRs to natural hazards, in general, and to
earthquakes, specifically. This is done by embedding Probabilistic
Seismic Hazard Analysis (PSHA), seismic fragility evaluation and
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multiple SMR units accident sequence analysis, i.e., a full Seismic
Probabilistic Risk Assessment (SPRA), into a three-loop Monte Carlo
Simulation (MCS) framework. Metrics are computed that capture
different aspects of system resilience to earthquakes: the ability to
withstand a seismic disruption, mitigate its consequences and restore
normal operation. Uncertainty associated with the parameters of PSHA
and the fragility models is also propagated (Baker, 2013; Park et al.,
1998).

SPRA has been widely used to compute the frequency of reactor core
damage and release of radiation from nuclear plants (IAEA, 2021; Choi
et al.,, 2021). Initially based on ground motion fragility curves (Com-
mission, 1983; Pickard, 1981; Smith, 1981; Cornell, 1968), SPRA
eventually became independent of seismic hazard and included corre-
lations in responses-damages directly in the risk assessment through the
use of (i) response- rather than ground-motion-based fragility models
and (ii) MCS (possibly multi-stage with benefits on computational effi-
ciency (Choi et al., 2021) to determine damage states of components
(Huang et al., 2011). Following the methodology set out in Huang et al.
(Huang et al., 2011), in Kumar et al. (Kumar et al., 2017) and Yawson
and Lombardi (Yawson and Lombardi, 2018) SPRAs for seismically
isolated (i.e., independent) nuclear facilities located at eight sites across
the United States, and a nuclear reactor in a hypothetical rock site in the
United Kingdom are presented, respectively. In Zhou et al. (Zhou et al.,
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Nomenclature

Acronyms

aNPP advanced Nuclear Power Plant
cNPP conventional Nuclear Power Plant
DG Diesel Generator

DHRS Decay Heat Removal System
ECCS Emergency Core Cooling System
GTST-dMLD Goal Tree Success Tree-dynamic Master Logic Diagram
G-R Gutemberg-Richter

LOCA Loss Of Coolant Accident

LOOP Loss Of Offsite Power

MCS Monte Carlo Simulation

MUCC  Multi-Unit Correction Coefficient
NaTech Natural hazard triggered Technological
PHWR  Pressurized Heavy Water Reactor
PWR Pressurized Water Reactor

PSHA Probabilistic Seismic Hazard Analysis
PZR PressuriZeR

RCP Reactor Coolant Pump

RCS Reactor Coolant System

RHRS Residual Heat Removal System

RPV Reactor Pressure Vessel

RRV Reactor Recirculation Valve

RSV Reactor Safety Valve
RVV Reactor Vent Valve

SG Steam Generator
SGTF Steam Generator Tube Failure
SIP Safety Injection Pump

SMR Small Modular Reactor

SPRA Seismic Probabilistic Risk Assessment

List of symbols

A, Median acceleration capacity of component y in the
fragility model of Eq. (6)

A;w Median acceleration capacity of component y in the
fragility model of Eq. (7)

b Parameter of the Gutemberg-Richter recurrence laws

c, Random number from UJ[0, 1) for seismic fragility
evaluation of component y in multiple SMR units

depi Distance of the earthquake epicenter from the site of
interest

E Disruptive event

Ephrs Failure event of both trains of the DHRS

Ezccs Failure event of the ECCS

Eroca Event of Loss Of Coolant Accident within the RCS

Eroop Event of Loss Of Offsite Power

ERmgrs Failure event of the RHRS

Esgrr Event of Steam Generator Tube Failure

Exp(e) Exponential distribution

Fu(e) Cumulative distribution function of the earthquake
magnitude M

Fra(e) Cumulative distribution function of d,; (radius Ra)

Fr,pca  Fragility of component y for a given PGA

fy Random number from U0, 1) for seismic fragility
evaluation of component y in one SMR unit

k Index of the MCS outer loop

l Dimension of the vector tgg

b Lower bound

MTTR Mean Time To Repair

MUCC, pga Multi Unit Correction Coefficient of component y for a
given PGA

M Earthquake magnitude

m Earthquake magnitude value

Mmax Upper bound of M

Mnin Lower bound of M

N(e) Normal distribution

Ng Sample size of the MCS middle loop

Ny Sample size of the MCS outer loop

ny Counter associated to py

ng Counter associated to pg

nw Counter associated to py

PGA Peak ground acceleration

Pm Probability of mitigating the accident consequences

PR Probability of restoring the system

Pw Probability of withstanding the earthquake shock

Q Confidence level of not exceeding Fr, pga

Ra Radius of circular area of the area source model

Ry Set of system states of permanent damage

Se Counter of seismic events

T Designed lifetime of the nuclear power plant

Tiim Prescribed period for restoration

ter Vector of earthquake recurrence times

tr Restoration time

ts Earthquake occurrence time

U[0,1) Standard uniform distribution

ub Upper bound

X Discrete random indicator variable of the system state

X.anvpp  Discrete random indicator variable of the aNPP state

Xcnpp Discrete random indicator variable of the cNPP state

Xo State of nominal performance of the nuclear power plants

X, o Discrete random indicator variable of the state of
component y

Bay Logarithmic standard deviation of A;w due to aleatory
uncertainty

Pey Logarithmic standard deviation of A, , due to epistemic
uncertainty

B, Logarithmic standard deviation of A,,, due to total
uncertainty

y Index of a component of the nuclear plant

Am Annual rate of earthquakes with magnitude greater than m

o} Standard deviation of b

Do) Standard Gaussian cumulative distribution function

r Number of seismically uncorrelated components of the
nuclear power plant

< o> Mean value

2018), an improved SPRA is proposed for multi-unit sites, where unit-to-
unit dependencies are considered based on a combination of copulas,
importance sampling and parallel MCS.

On the other hand, resilience assessment in the nuclear industry is
still limited and not fully explored, especially for advanced reactor
concepts (Commission, 1975; Park et al., 2013). Few examples of
application exist for conventional Nuclear Power Plants (cNPPs). In
Ferrario and Zio (Ferrario and Zio, 2014); a Goal Tree Success

Tree—dynamic Master Logic Diagram (GTST-dMLD) and MCS are com-
bined for seismic resilience assessment. In Du et al. (Du et al., 2019) and
Zeng et al. (Zeng et al., 2021), a resilience modeling and analysis
framework is based on a Markov reward process. In Santhosh and Patelli
(Santhosh and Patelli, 2020) and Estrada-Lugo et al. (Estrada-Lugo
et al.), resilience assessments of the reactivity control system and the
main heat transport system of a new generation large reactor are carried
out using Bayesian and Credal networks, respectively. In Yan and
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Dunnett (Yan and Dunnett, 2022), the resilience of a single unit Pres-
surized Heavy Water Reactor (PHWR) exposed to external events is
assessed using Petri net modeling.

To the authors knowledge, this work is the first attempt to develop a
resilience assessment framework for SMRs. The proposed framework
will be exemplified with respect to the seismic resilience of multiple
SMR units of Pressurized Water Reactor (PWR) NuScale design. The SMR
units are assumed to be located in the nuclear site of Garigliano
(southern Italy) and a comparison is made with a single, large PWR unit
of equivalent generation capacity.

The remainder of the paper is organized as follows: in Section 2, the
specifics of SPRA for SMRs are discussed; in Section 3, the metrics and
the MCS framework for seismic resilience assessment are presented; in
Section 4, the case study is worked out and the results discussed; in
Section 5, conclusions are drawn.

2. Seismic probabilistic risk assessment of small modular
reactors

SPRA consists of (Budnitz et al., 1997):

1) Seismic hazard analysis to estimate the probability of occurrence of
different levels of earthquake ground motion at the (nuclear) site of
interest;

2) Seismic fragility evaluation to quantify the conditional probability of
failure of components for any ground motion level;

3) Accident sequence analysis to combine the hazard and fragility an-
alyses outcomes to evaluate the impact of probable earthquakes on
the site of interest.

Seismic hazard analysis is specific on the site where the nuclear
power plant is located. It is developed as PSHA that consists of (Baker,
2013; Cornell, 1968):

1. The characterization of the stochasticity of the earthquake
magnitude in terms of the rate at which earthquakes of various magni-
tudes are expected to occur. Specifically, the Gutemberg-Richter recur-
rence law is used to describe A,,, which is the annual rate of occurrence of
earthquakes with magnitude M larger than m (Baker, 2013):

log,gpdn =a—bem (€8]

where a and b are constants estimated based on historical observations
and represent the overall rate of earthquakes in a region and the relative
ratio of small and large magnitude earthquakes, respectively (typically,
b is expressed in terms of mean b and standard deviation ¢}, as b + 6, (de
Santis et al., 2011).

Eq. (1) implies that M follows the cumulative exponential
distribution:

Fy(m) =1—107"" (2)

This distribution is commonly modified into a bounded Gutemberg-
Richter recurrence law (Baker, 2013), to realistically bound the magni-
tude values to a finite size of earthquake sources [Mpin, Mpex]:

1 — 10~blm—rmmin)

Fy(m) 3)

2. The characterization of the distribution of the source-to-site dis-
tance associated with potential earthquakes. Generally, the distribution
of the distance between the earthquake epicenter and the nuclear site of
interest is modeled assuming that the earthquakes occur randomly with
equal likelihood anywhere within a circular area of radius Ra, so that the
probability of an epicenter being located at a distance less than d,,; is
equal to the area of a circle of radius d.,; divided by the area of a circle of
radius Ra, and the probability of an epicenter being located at a distance
larger than Ra is zero, giving the cumulative distribution function of dgy;
(Baker, 2013):
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3. The estimation of the resulting ground motion levels as a function
of earthquake magnitude, distance, etc, typically with reference to the
peak ground acceleration PGA (Ambraseys et al., 2005):

log,(PGA = a, + axm + (a3 + asm)

elog,g\/d>,; + @i+ asSs + azSa + asFy + asFr + awFo (5)

where m and dg,; are the earthquake magnitude value and epicenter
distance, a;, i = 1,---,10, are constants, Ss and S, indicate the types of
soil (i.e., soft, still or rock) and Fy, Fr and Fy describe the faulting
mechanism (i.e., normal, thrust or odd).

Seismic fragility evaluation depends on the specificities of the nu-
clear power plant located on the site considered. Typically, it is evalu-
ated as (Cover et al.):

log (%)
Frypoa = ® | ——~ (6)
b,

where Fr, pga is a standard Gaussian cumulative probability distribution
(@) of failure of the y-th component of the plant conditional to ground
motion level (i.e., PGA), An, and f, are the y-th component fragility
parameters (i.e., the median acceleration capacity, corresponding to the
PGA that implies Fr,pga = 0.5, and its logarithmic standard deviation
due to uncertainty). In our analysis of SMRs, to account for the limited
functional knowledge of design-phase SMRs:

1) We assume the lognormal fragility model of Eq. (7) where,
following (Kim et al, 2011), we decompose f, into an aleatory
component f,, (that defines the slope of the cumulative distribution)
and an epistemic component f, , (that describes the uncertainty of Ap,
along the PGA axis by the term of Q, the confidence level of not

exceeding Fr, pga), i.e., B, = |/ iy +ﬁ§_7 (Park et al., 1998).

s

ay

Fr,pa =

where A, = An, +f,, ¢ ®7(Q).

2) A 100% seismic correlation is conservatively assumed for com-
ponents of the same type, located at the nuclear site in the same building
with the same elevation, e.g., redundant components. For example,
being Vi, V, and V3 three redundant safety valves, a single fragility
model Frys)pga is considered for the three of them, rather than one
different fragility model for each of them Fry, pga, Fry, pca and Fry, pga.

Accident sequence analysis is performed with logic models, such as
event trees that define the accident sequences triggered by seismic-
induced initiators, linked with fault trees that describe the basic
events that might lead to components and system failures (IAEA, 2021).
In the case of SMRs, one must account for the fact that multiple reactor
units are located on the same site (Alrammah, 2022). In this work, we
then adopt a multi-unit logic model (US Nuclear Regulatory Commis-
sion, 2020) to extend the single unit logic model by correcting the basic
events probabilities to account for the likelihood of extension to multiple
units. The corrections are made by introducing Multi-Unit Correction
Coefficients (MUCCs) (US Nuclear Regulatory Commission, 2020), for
estimating the probability that if a failure occurs in the y-th component
of a unit (1U) (X,,y = 1, where X, , is the state variable of the y-th
component and ‘1’ indicates the failure state), following an earthquake
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of a given PGA, this will also occur in the same y-th component of the
multiple SMR units (MU) on the site (X, yy = 1): MUCC, pga = P(XV‘MU
=1 |XY11U = 1,PGA). Given that earthquakes, by nature, affect multiple
units simultaneously and that the conditional probability of inducing
damage in one unit, as well as in the other units, increases with PGA (US
Nuclear Regulatory Commission, 2020), for the SPRA of SMRs consid-
ered later in the case study we assume MUCCs to rapidly grow as PGA
increases.

3. The resilience metrics and Monte Carlo simulation framework

Three metrics are considered in this work for measuring the resil-
ience of nuclear power plants (Section 3.1) and a three-loop MCS
framework is designed for their evaluation within the seismic resilience
assessment of SMRs (Section 3.2).

3.1. Resilience metrics

Resilience is agreed to represent the ability of a system to withstand,
absorb and recover from an accident or disruptive event (Zio, 2018;
Hosseini et al., 2016). Withstanding is the ability of a system to resist to
disruptions without degrading performance. A system with high with-
standing capability is one capable to operate at nominal performance
also when the disruptive event occurs, with no need of restoration.
Absorption is the ability of a system to resist the impact of disruptions
without suffering permanent damages, so that it can be restored to
nominal performance after. Recovery is the ability of a system to be
brought back to normal performance, within required time limits. In this
paper, we use three metrics to quantitatively describe the above char-
acteristics of resilience of a system (Linkov et al., 2014; Yodo and Wang,
2016):
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1) Probability of withstanding. The conditional probability pw =
P(X = Xo|E) that the (discrete) random indicator variable X of the
system state remains at the nominal performance Xy, given that a
disruptive event E has occurred;

2) Probability of mitigating. The conditional probability pyy = P(X & Ro|E,
X +#+ Xp) that system state X does not reach the set R, of the states of
permanent damage from which the system cannot be restored, given
that earthquake E has occurred and has led to a system state X below
Xo;

3) Probability of restoring. The conditional probability pr = P(tg <
Tim|E, X # Xo) that the system is restored in a restoration time tz (i.e.,
the period spent by the system in states other than X;) smaller than a
prescribed period Ty, given that earthquake E has occurred and has
led to a system state X below Xj.

3.2. Three-loop Monte Carlo Simulation framework

To calculate pw, py and pg, a three-loop MCS is implemented to
sample the stochastic events occurrence during the life of the nuclear
power plant exposed to earthquakes up to a time horizon T (inner loop)
for N different scenarios (middle loop), this for Ny different alternatives
(outer loop) of the seismic hazard and fragility inputs (i.e., the b
parameter of the Gutemberg-Richter laws, Egs. (1) and (3), and the
median acceleration capacities A

:M of the I" seismically uncorrelated
components of the nuclear plant, respectively). In the inner loop, at each
earthquake occurrence time ts (lower than the nuclear power plant
lifetime T), PSHA and seismic fragility evaluation are combined to
conduct accident sequence analysis and if the system state is degraded
by the earthquake impact (i.e., X # X;), a restoration time tg is sampled.

The pseudocode of the developed simulation framework is as follows

(Fig. 1, where the inner, middle and outer loops are coloured in red, blue

)
START L
Sample Ay, from

N(Am,y- Be,y Pl (Q))

Sample b from N (b, 6;,)

[ ==

for each y-th
k-th batch of seismically
random seismic uncorrelated Set S,, Ny, Ny and ng to zero
hazard and component ‘
fragility inputs i+1
(4%, b] i-th scenario *

k+1Jl l

Calculate a A, with

Compute the vector tgp of length 1 > '
T « A, by sampling from Exp(4,,)

m = My, by £q. (1)

— T T T !

Bounded G-R

Restoration
models Set X = X,, and I Area source recurrence & =

t and tg to zero ;| model (Eq. (4)) law (Eq. (3 l.___,

T aw (Eq. (3))
i PSHA 1 . |
T I i Tt Ground motion | -}
4 : !
sample 2 No ves 5.0 =5.0)+1 Sample earthquake model (Eg. (5)) |:
. P . X=X * Anearthquake occurs at  |— magnitude m and . .
restoration time t, . . . . . “y
. time tg =t + tp(S. (i) epicenter distance dgp; Y I,
L. = = = = .. = = Compute PGA at :
3 the nuclear site [ 1!
A repair event Update X and N . ™ % ||
R Accident Seismic fragility w— s e e 1
occurs at time counters ny, sequences analysis evaluation i
t=tp+ts n and ng 5 — v ,
L - — :
i Fragility mode! !
. Plant logic MUCCs gty e mm e ——————— .

o models (Eq. (7))

Lts<T AXERy

Yes

No
Can

Resilience metrics

k-th evaluation END

No
k<N,  )y—i
—Ceen D

Yes

Fig. 1. The flowchart of the three-loop MCS framework.
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and green, respectively):
(1) fork =1 to Ny
(2) sample A,*,Ly from N(Am,, [, , ® ®71(Q)) to be used in Eq. (7), for each y-th
seismically uncorrelated component of one SMR unit
(3) sample b from N(b, 6) to be used in Egs. (1) and (3)
(4) compute A, with m = My, by Eq. (1)
(5)setS, =0,ny =0,ny =0,ng =0,
(5.1) fori=1 to Ng
(5.2) compute tgg, the vector of dimension [ > T e A, of earthquake recurrence
times, by sampling its entries from Exp(im)
(5.3)sett =0,ts =0,X =Xp
(5.3.i)) while t,ts < T and X € Ry
(5.3.ii) if X = X,, a seismic event is to be simulated:
(5.3.iii.a) increase the counter of seismic events for the i-th
scenario: Se(i) =Se(i) +1
(5.3.iii.b) conduct the PSHA:
o compute the earthquake occurrence time ts: ts = t +tgr(Se(i)) (i.e., the S,(i)-th e of
entry of tgg is added to current time t);
e sample:
m the earthquake magnitude value m from the bounded Gutemberg-Richter
recurrence law by Eq. (3)
= the epicenter distance d,; from the area source model by Eq. (4);
e compute the PGA at the nuclear site by Eq. (5).
(5.3.iii.c) seismic fragility evaluation:
e compute Fr, pga by Eq. (7), for each y-th seismically uncorrelated component of one
SMR unit.
e fory=1toI:
m sample f, from U[0,1)
m if f, < Frypca, X,1u = 1 (the y-th component and those seismically
correlated to it fail due to the seismic disruption in one SMR unit)

= sample ¢, from U[0, 1)

m if ¢, < MUCC, pga, X,mu = 1 (the failure of the y-th component
and those seismically correlated to it will occur in more than one
SMR unit)

m if ¢, > MUCC, pga, X, mu = O (the failure of the y-th component
and those seismically correlated to it will not occur in more than
one SMR unit)

w iff, > Fr,pca, X;1v = X, mu = O (the y-th component and those seismically
correlated to it withstand the seismic disruption in all the SMR units)
(5.3.iii.d) accident sequence analysis:
determine the state X of one SMR unit by setting X, 1y, y = 1,---.I’, in plant logic
model;
determine the state Xyy of multiple SMR units by setting X, yy, 7 = 1,---.I’, in plant
logic model.
o if X =Xp:ny =ny + 1
m return to 5.3.i.
ifX#Xoand X ¢ Ro:ny =ny + 1
= return to 5.3.i.
(5.3.iii) if X # Xo, a repair event is to be simulated:
(5.3.iii.a) sample a restoration time tg
(5.3.iii.b) if tg < Tyym:ng =ng + 1
(5.3.il.c) t =tg +ts
(5.3.ii.d) X =Xo
(5.3.iii.e) return to 5.3.i.
(5.4) return to 5.1.
(6) compute the k-th set of values of the resilience metrics as follows:

a. py(k) = my/S S,

b. py (k) = m /(35 Se — nw);
c. prlk) =ng/(XX,Se — nw);
(7) return to 1.

It is worth noting that, without loss of generality, the I" seismically un-
correlated components of the nuclear power plant are assumed with
binary states: fully operative (i.e., X,, = 0) or completely damaged (i.e.,
X,. = 1). Also, the simulation framework allows considering different
stochastic restoration models (from which restoration times tz are
sampled in point 5.3.iii.a.) and prescribed periods for repair Tj;,, based
on the state of one SMR unit (i.e., X) and multiple SMR units (i.e., Xpy).
Finally, we assume that no damage is caused by earthquakes during the
restoration time ty (i.e., the earthquake source following a major seismic
event has quenched).
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4. Case study

In this Section, we show the application of the proposed framework
for the assessment of the seismic resilience of a four SMR units plant (the
aNPP). The results are compared to those obtained for a single unit plant
of equivalent generation capacity (the cNPP). All units are based on
PWR technology and it is assumed that they are located at the site of the
Garigliano nuclear power plant in southern Italy (Di Maio et al., 2022),
for which the seismic data are available. In Section 4.1 and Appendix B a
brief description of the aNPP and cNPP is provided. Section 4.2 presents
the PSHA. The seismic fragility evaluation and accident sequence
analysis for the aNPP are given in Section 4.3 and Section 4.4, respec-
tively; those of the cNPP are reported in Appendix C and Appendix D,
respectively. Finally, Section 4.5 presents the comparison of the seismic
resilience assessment outcomes for the aNPP and the cNPP.

4.1. The advanced nuclear power plant

The aNPP is based on the NuScale design and comprises four iden-
tical SMR units placed in a water pool, which serves as ultimate heat
sink. All units are connected to a power station and a substation through
power lines, as shown in Fig. 2. We assume that each SMR unit has a
natural circulation Reactor Coolant System (RCS), so that it does not
require any circulation pumps (Di Maio et al., 2022), and is equipped
with two safety systems, the Decay Heat Removal System (DHRS) and
the Emergency Core Cooling System (ECCS). Fig. 3 shows the scheme of
the RCS (adapted from (US Nuclear Regulatory Commission, 2020) that
consists in: the reactor pressure vessel, the integral pressurizer, two
once-through helical-coil steam generators, two reactor safety valves
and the RCS injection and discharge pipelines (US Nuclear Regulatory
Commission, 2020). The DHRS provides the reactor secondary side
passive cooling for non-LOCAs (e.g., Steam Generator Tube Failure
(SGTF) (US Nuclear Regulatory Commission, 2020) and includes four
actuation valves and two trains of decay heat removal equipment, each
connected to one Steam Generator (SG) loop and sized to completely
remove the decay heat load (laea, 2020). To actuate the DHRS, the main
steam valves and the feedwater valves close, and the actuation valves
open: steam, then, flows from the helical-coil SGs to the DHRS heat
exchangers (external to the reactor vessel), from which the heat is
eventually transferred to the water pool, where cold condensate is
produced that returns to the SGs by gravity-driven circulation.

The ECCS includes three Reactor Vent Valves (RVVs) and two
Reactor Recirculation Valves (RRVs); its operation ensures that the core
remains covered and the decay heat is passively removed under both
non-LOCA and LOCA conditions (US Nuclear Regulatory Commission,
2020). To actuate the ECCS, the main steam valves and the feedwater
valves close, and the RVVs open: steam is, then, discharged from the
reactor vessel to the containment vessel, so that the reactor pressure
decreases and the containment pressure increases, until equilibrium is
reached. Steam condenses on the inside surface of the containment
vessel and floods the containment bottom, while the liquid level within
the reactor decreases until level equilibrium is reached thanks to the
RRVs. By this way, the nuclear fuel remains covered, thus ensuring a
stable and safe shutdown.

The aNPP states are defined as follows:

e Normal operation (Xsnpp = 0): the plant is operating normally at its
full generation capacity;

e Reduced power output (Xsnpp = 1): in case of a LOOP event, the
plant allocates reactor units to supply housekeeping power, while
still retaining as much generation capacity as possible (Di Maio et al.,
2022);

e Safe shutdown: the plant is shutdown and the safety systems are
working to ensure safe shutdown cooling in one (Xonpp = 2) or more
(Xmu.avpp = 2) reactor units (Di Maio et al., 2022);
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e Core damage: the core of one (Xqvpp = 3) or more (Xyyanver = 3)
reactor units is damaged due to failure of safety systems.

4.2. Probabilistic seismic hazard analysis

The aNPP and cNPP are assumed to be located in Garigliano
(southern Italy). Following the approach described in (Gutemberg-
Richter relationship: Magnitude vs. frequency of occurrence, 2019), the
parameters a and b of the Gutemberg-Richter laws of Egs. (1) and (3) are
set so that a = —blog(1.5  107%) /2.7 (with b = 0.89 + 0.03 as estimated
by (de Santis et al., 2011), to fit Italy earthquake data between 1963 and
2021 shown in Fig. 4 (Rovida et al., 2022). PGA magnitudes m < mpi, =
6.5 and m > mpqy = 9 are neglected because they cannot cause any
damage (Reed and Kassawara, 1990) or have negligible recurrence
rates, respectively. The area source model of Eq. (4) considers a radius
Ra = 100km, whereas for the PGA calculation by Eq. (5),Ss = 1,54 =
0, Fy =1, Fr = 0 and Fp = O since the Garigliano nuclear site lies on a
soft soil type (Forte et al., Jul. 2019) and a normal faulting mechanism is
assumed.

Nuclear Engineering and Design 410 (2023) 112385
4.3. Seismic fragility evaluation for the advanced nuclear power plant

We assume that: all the SMR units in the plant share the same design,
so that their components have the same fragility parameters An, 8,
and f3,, of the lognormal fragility model of Eq. (7) (listed in Table 1). In
each SMR unit, the components of same type, location and elevation (i.
e., steam generators, reactor safety valves, DHRS actuation valves and
heat exchangers, and ECCS reactor vent and recirculation valves) are
100% seismically correlated and, therefore, a single fragility Fr,(4) pga is
defined where # is the cardinality of the set y (see Section 2). For
example, being V7, V, and V3 three redundant safety valves, a single
fragility model Fry(s)pca is considered for the whole set, rather than
independent fragility models Fry, pga, Frv, pga and Fry, pga. The value
Q = 0.95 means 95% confidence that the actual probability of failure is
less than the fragility calculated by Eq. (7).

4.4. Accident sequence analysis for the advanced nuclear power plant

Fig. 5 shows by the occurrence of an earthquake the event tree for the
accident sequences involving one or more SMR units. The sequences are
initiated of a certain PGA within the circular area of radius Ra. The
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Fig. 4. Seismic hazard curve of Italy.
Table 1
Fragility parameters for the aNPP.
y-th component Any Pay Pey Reference
Reactor pressure vessel 3.83 0.23 0.39 (Cover et al.)
Steam generator 2.53 0.28 0.36 (US Nuclear Regulatory Commission, 2020)
RCS injection/discharge pipeline 1.88 0.43 0.48 (Zio and Ferrario, 2013)
Reactor safety valve (spurious-open) 3.37 0.24 0.32 (US Nuclear Regulatory Commission, 2020)
Reactor vent valve (spurious-open) 2.38 0.28 0.50 (US Nuclear Regulatory Commission, 2020)
Reactor vent valve (fail-to-open) 17.45 0.27 0.37 (US Nuclear Regulatory Commission, 2020)
Reactor recirculation valve (spurious-open) 3.32 0.24 0.32 (US Nuclear Regulatory Commission, 2020)
Reactor recirculation valve (fail-to-open) 9.52 0.27 0.37 (US Nuclear Regulatory Commission, 2020)
DHRS heat exchanger 2.34 0.32 0.51 (US Nuclear Regulatory Commission, 2020)
DHRS actuation valve 0.57 0.32 0.52 (US Nuclear Regulatory Commission, 2020)
Power station 0.70 0.30 0.10 (Zio and Ferrario, 2013)
Substation 0.90 0.40 0.30 (Zio and Ferrario, 2013)
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Fig. 5. Event tree analysis for the aNPP.

initiating event may induce the occurrence of other events such as Steam
Generator Tube Failure (Esgrr), Loss Of Coolant Accident within the RCS
(ELoca) and Loss Of Offsite Power (Eroop). In case of occurrence of the
latter events, the modular aNPP can allocate one or more SMR units to
supply housekeeping power (mainly to the circulation pumps of the
secondary coolant), while the other SMR units continue to supply as
much power capacity as feasible to the grid (Di Maio et al., 2022). If
Esgrr or Ejoca occurs, the safety systems come in action. The DHRS
provides passive cooling of the reactor secondary side for non-LOCAs (i.
e., Esgrr) and is actuated by the closing of the main steam and feedwater
valves and the opening of the actuation valves. The ECCS ensures that
the core remains covered and the decay heat is passively removed under
both non-LOCA and LOCA conditions, and is actuated by closing the
main steam and feedwater valves and opening of RVVs. Failure of both
trains of the DHRS (Epyrs) and ECCS (Egccs) would drive the system to
reactor core damage (US Nuclear Regulatory Commission, 2020). Fig. 6
shows the fault tree models developed to identify the basic events for
Eroca; Eroop, Epurs and Egccs. Since event Egces is conditional on the
occurrence or non-occurrence of Eppca, that might result from the
spurious opening of ECCS reactor vent or recirculation valves, one or
both branches (marked by dotted lines) of the fault tree model for Egccs
can be removed as appropriate, i.e., whenever E;ocs occurs and it is due
to the spurious opening of ECCS reactor vent or recirculation valves. To
account for multiple SMR units, the MUCCs listed in Table 2 are assigned
based on engineering judgment, for different levels of PGA, to classes of
components according to their failure mode, i.e., normal failures
(including the steam generators, the power station and the substation),
structural failures (including the reactor pressure vessel, and the injec-
tion and discharge pipelines) and common cause failures (including the
reactor safety, vent, recirculation and actuation valves, and the heat
exchangers) (US Nuclear Regulatory Commission, 2020). Upon

disruption, different restoration models are considered: 1) tg [days|c
N(3, 1.5) if X,npp = 1: the restoration time tg is normally distributed
with a Mean Time To Repair (MTTR) of 3 days and a standard deviation
of 1.5 days if the aNPP is recovering from a LOOP event (Reed and
Kassawara, 1990); 2) tg [years|xExp(1/1.32) if X,npp = 2: the tg is
exponentially distributed with a MTTR = 1.32 years if one SMR unit is
recovering from either a LOCA within the RCS or a SGTF (Forte et al.,
Jul. 2019); 3) tg [years|xExp(1/2.64) if Xyu,anep = 2: the previous MTTR
is assumed doubled in value if either E; oca or Esgrr extend to multiple
SMR units, 4) tg—>oo if Xanpp =3 V Xmuanee = 3: the aNPP is never
recovered if one or more SMR units run into core damage.

4.5. Results of seismic resilience assessment and discussion

The simulation framework presented in Section 3.2 is used to assess
the resilience of the nuclear power plants under analysis for a time ho-
rizon T = 50 years, which is the chosen designed life. The parameters
needed to simulate the cNPP behavior are given in Table 3 (the inter-
ested reader may refer to Appendix B for a thorough description of the
related modelling assumptions). The sizes of the outer (i.e., Ny) and
middle (i.e., Ns) loops of the MCS are 10% and 10°, respectively. In the
resilience metrics, the disruptive event E is represented by the occur-
rence of an earthquake, and the prescribed periods for repair T, are
assumed to be 50% larger than the corresponding MTTR. Mean values
and 95% confidence intervals of py, py and pg, for the aNPP and cNPP,
are presented in Fig. 7 and Table 4, respectively.

It can be seen that: 1) py is 0.97 £+ 0.01 and 0.96 + 0.01 for the aNPP
and cNPP, respectively: it is therefore very likely that none of the two
nuclear power plants will be disrupted by the assumed possible earth-
quakes of random magnitude occurring during their entire lifetime; in
other words, the conditional probability that the nuclear power plant
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Fig. 6. Fault tree analysis for the aNPP.

Table 2
Multi-Unit Correction Coefficients for multi-unit modeling.

PGA[g] Multi-Unit Correction Coefficient (MUCC, pga)
Normal failures Structural failures Common cause failures
<01 0.10 0.01 0.30
0.1+0.2 0.15 0.02 0.35
02+04 0.25 0.05 0.45
> 0.4 0.40 0.10 0.60
Table 3
Fragility parameters for the cNPP.
y-th component An,y Pay Pey Reference
Reactor pressure vessel 3.83 0.23 0.39 (Cover et al.)
Steam generator 2.45 0.24 0.37 (Cover et al.)
Pressurizer 2.00 0.21 0.34 (Cover et al.)
RCS pipeline 1.88 0.43 0.48 (Zio and Ferrario, 2013)
Reactor coolant pump 2.64 0.24 0.37 (Park et al., 1998)
Safety injection pump 5.47 0.33 0.30 (Park et al., 1998)
Pool 4.23 0.27 0.37 (Park et al., 1998)
Diesel generator 0.70 0.40 0.20 (Zio and Ferrario, 2013)
Power station 0.70 0.30 0.10 (Zio and Ferrario, 2013)
Substation 0.90 0.40 0.30 (Zio and Ferrario, 2013)

exposed to random earthquakes keeps operating throughout its design
life is larger than 0.95, 2) py is 1.00 & 0.00 and 0.80 + 0.02 for the aNPP
and cNPP, respectively: this means that if an earthquake has degraded
the system state, the aNPP will very likely (lb = ub = 1.00) not suffer
from reactor core damage, whereas for the cNPP the probability is on
average 0.80 + 0.02, which might not be satisfactory (i.e., reactor core
damage probability would be high), 3) pg is 0.80 + 0.01 and 0.63 + 0.02
for the aNPP and cNPP, respectively: this indicates that if an earthquake
has degraded the system state, the aNPP will likely be restored in a
restoration time tg lower than the prescribed period Tj;,,, whereas for the
cNPP, tz will not meet the requirements in about one third of the oc-
currences; since the restoration models considered for the two nuclear
power plants are similar, this behavior is mainly due to the probability of
entering the states with severe performance degradation (i.e., 1 —pp),
hence requiring long tg, larger for the cNPP, than for the aNPP. In
addition, it is worth noting that the sojourn time of the aNPP in state
Xavpp =1 is not so detrimental for its performance since, in that
degradation state, it still retains part of its generation capacity, unlike
the cNPP in the corresponding state X.ypp = 1. Also, the confidence
intervals are narrow, which means that the sample sizes used in the
simulation are adequate to obtain accurate estimates. Fig. 7 shows that
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Fig. 7. Results of seismic resilience assessment.

Table 4
95% confidence interval of the resilience metrics.
Pw Pm Pr
cNPP b 0.95 0.78 0.61
< o> 0.96 0.80 0.63
ub 0.97 0.82 0.65
aNPP b 0.96 1.00 0.79
<eo> 0.97 1.00 0.80
ub 0.98 1.00 0.81

the resilience triangle of the cNPP is entirely contained in that of the
aNPP: this means that, with respect to the metrics considered in this
work, the latter exhibit a greater resilience to seismic disruptions, than
the former. More specifically, the results show that the aNPP overcomes
the cNPP in terms of post-accident scenario mitigation and restoration,
as expected given the design safety features of SMRs (Di Maio et al.,
2022).

5. Conclusions

The resilience of nuclear power plants to NaTech accidental sce-
narios is fundamental for their acceptance in the current and future
conditions of increasingly frequent and severe extreme natural events
due to climate change. In this paper, we have presented a framework for
seismic resilience assessment of SMRs. Seismic fragility evaluation and
accident sequence analysis are performed, tailored on the SMR pecu-
liarities. Three dimensionless metrics have been defined to capture the
system behavior during the three phases of the accident: withstanding,
mitigating and restoring. A three-loop MCS, designed to evaluate the
metrics is implemented for the resilience assessment of SMRs, while

10

addressing the uncertainties of PSHA and of the seismic fragility eval-
uation. By application to a realistic aNPP, the framework has been
shown able to provide a comprehensive description of the resilience of
nuclear power plants to earthquakes for a given time horizon. The re-
sults have been compared to those of a ctNPP, showing that the aNPP
exhibits an overall greater resilience because of superior post-accident
scenario mitigation and restoration. To address the computational de-
mand of MCS, future work will consider other advanced sampling
methods.
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Appendix A. Description of the conventional nuclear power plant

The cNPP comprises a single, large reactor unit that bears the entire plant generation capacity. We assume that the unit has a forced circulation
Reactor Coolant System (RCS) equipped with two safety systems, the Emergency Core Cooling System (ECCS) and the Residual Heat Removal System
(RHRS), as shown in Fig. 8. The RCS consists in the reactor pressure vessel, the reactor coolant pump (supplied with offsite power, i.e., a power station
and substation), the steam generator, the pressurizer and the piping system. The ECCS includes an emergency diesel generator, a pool and a safety
injection pump (that can be supplied from either the offsite power or the internal emergency diesel generator) (Zio and Ferrario, 2013). Both the RHRS
and the ECCS can ensure decay heat removal under accident conditions, and the latter returns coolant to the RCS in case of Loss Of Coolant Accidents
(LOCAs).

The cNPP states are defined as follows:

e Normal operation (X,vpp = 0): the plant is operating normally at its full generation capacity;

e Safe shutdown, following a LOOP (X.npp = 1): in case of a LOOP event, the plant is shutdown and the RHRS is working to ensure safe shutdown
cooling of the reactor;

11
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Fig. 9. Event tree analysis for the cNPP.

e Safe shutdown, following a LOCA (X.npp = 2): in case of a LOCA, the plant is shutdown and the ECCS is working to ensure safe shutdown cooling of
the reactor;
e Core damage (X.npp = 3): the reactor core is damaged due to failure of safety systems.

Appendix B. . Fragility evaluation for the conventional nuclear power plant

The fragility parameters Am,, f,, and f, , of the lognormal fragility model of Eq. (7) for the components of the cNPP are listed in Table 3. The value
Q = 0.95 means 95% confidence that the actual probability of failure is less than the fragility calculated by Eq. (7).

Appendix C. . Accident sequence analysis for the conventional nuclear power plant

Fig. 9 shows by the occurrence of an earthquake the event tree for the accident sequences involving the single, large reactor unit. The sequences are
initiated of a certain PGA within the circular area of radius Ra. The initiating event may induce the occurrence of other events such as Loss Of Coolant
Accident (Epoca) and Loss Of Offsite Power (ELoop). If ELoop Or ELoca occurs, the safety systems come in action. Both the RHRS and the ECCS can
ensure decay heat removal, and the latter returns coolant to the RCS in case of E; gca. Failure of the RHRS (Eryrs) and ECCS (Egccs) would drive the
system to reactor core damage. Fig. 10 shows the fault tree models developed to identify the basic events for Eroop, Eroca, Erurs and Egccs. Upon
disruption, different restoration models are considered: 1) tg[days|xN(3,1.5) if X.ypp = 1: the restoration time tg is normally distributed with a Mean
Time To Repair MTTR of 3 days and a standard deviation of 1.5 days if the cNPP is recovering from a LOOP event (Committee, et al., 2013); 2)
tr[years|<Exp(1/1.32) if Xcnpp = 2: tg is exponentially distributed with MTTR = 1.32 years if the cNPP is recovering from a LOCA (International
Atomic Energy Agency, 2011); 3) tg—oo if X.ypp = 3: the cNPP is never recovered if it runs into reactor core damage.

12
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Fig. 10. Fault tree analysis for the cNPP.
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