Challenges in Evaluating Passive Safety System Performance for Nuclear
Power Technologies Under Evolving Hazards

Constantinos Frantzis?, Kaveh Faraji Najarkolaie?, Yunfei Zhao®, Jennifer Irish¢,
Mohammad Modarres®, and Michelle Bensi?

?Dept. of Civil and Environmental Eng., University of Maryland, College Park, MD, USA,
cfrantzi@umd.edu
®Dept. of Mechanical Eng., University of Maryland, College Park, MD, USA
°Virginia Polytechnic Institute and State University, Blacksburg, VA, USA

Abstract: Advanced nuclear reactor concepts, including light water cooled small modular reactors
(SMRs), molten salt reactors (MSRs), liquid metal reactors (LMRs), and high-temperature gas-cooled
reactors (HTGRs), promise improved economics and enhanced safety through inherent design features
and passive safety systems. These passive systems perform critical functions, particularly decay heat
removal, using natural driving forces such as gravity, density differences, and natural convection. Their
accelerated deployment is being pursued to provide stable, reliable electrical capacity to a grid whose
dependence is amplified by emerging artificial intelligence and data-center infrastructure. Discussions
of nuclear safety, however, have traditionally focused on estimating the frequency of catastrophic
radiological endpoints. We argue that this framing is potentially incomplete. A plant offline during a
regional heat dome, drought, or storm imposes a substantial societal cost on communities, hospitals,
water treatment facilities, and data centers even when no radiological release occurs. Generation, in this
sense, is itself a potential safety concern.

Both radiological and generational safety concerns are exacerbated by external natural hazards whose
frequency and severity are projected to evolve under non-stationary environmental conditions. Passive
safety systems, by virtue of relying on weak natural driving forces, are particularly sensitive to the
boundary conditions these hazards perturb. Current external hazard Probabilistic Risk Assessment
(PRA) frameworks treat hazards as stationary, and Generation Risk Assessment (GRA), the
methodology developed to quantify reactor trip and derate frequencies, remains narrowly adopted and
has not been generalized to non-stationary hazards. Neither PRA nor GRA, as currently practiced,
completely capture the dependency between safety, generation, and the evolving hazard landscape.

In this paper, we examine the implications of these gaps for passive-safe advanced reactors. The
literature on passive system robustness supports a nuanced view in which safety margins are broadly
preserved against moderate variations, while the probability of derates, protective reactor trips, and
extended forced outages is meaningfully more sensitive. GRA is uniquely positioned to capture this
sensitivity, as it is the methodology built to quantify the trip, derate, and unavailability outcomes that
fall outside the scope of conventional safety PRA. We conclude that broader adoption of GRA, and its
extension to incorporate non-stationary external hazard distributions, would help quantify the dual risks
to safety and generation that advanced reactors will face under evolving conditions.

1. INTRODUCTION

Advanced nuclear reactor concepts are widely proposed to improve the economics of nuclear energy
through modularization, factory fabrication, and standardization, while enhancing safety through
inherent design features and passive safety systems [1], [2]. These passive systems perform critical
functions, particularly decay heat removal, using natural driving forces such as gravity, density
differences, and natural convection [2], [3].
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The accelerated deployment of advanced reactors is being pursued to develop electrical capacity that is
stable and reliable [4], [5]. The importance of stable, reliable electrical power is well recognized, and
the emergence of artificial intelligence and the associated infrastructure is amplifying its criticality [6],
[7]. The dependence of communities and industries on electrical power has implications for how safety
is framed. For example, hospitals, water treatment facilities, data centers, and other essential services
depend on consistent power, and the loss of generation through reduced thermal efficiency, forced
shutdowns, prolonged outages, or more frequent maintenance has direct consequences for public
welfare.

Discussions of nuclear safety typically focus on estimating the frequency of severe endpoints such as
core damage and large early release. Probabilistic risk assessment (PRA) has been the typical approach
by which the frequency of adverse radiological effects has been quantified. However, a plant going
offline during a regional heat dome or extended drought imposes societal cost even when no radiological
release occurs. Generation is itself a potential safety concern, particularly when electrical capacity
margins in a system are limited. To date, generation risk assessment (GRA) has focused primarily on
quantifying reactor trip and derate frequencies [8].

Both radiological and generational safety concerns are exacerbated by external natural hazards,
including weather and water-related hazards for which the frequency and severity are expected to evolve
under non-stationary environmental conditions [9], [10]. Passive safety systems, by virtue of relying on
weak natural driving forces, are particularly sensitive to the boundary conditions these hazards perturb
[2], [11]. Current external hazard PRA (XHPRA) frameworks treat external hazards as stationary, and
GRA methods remain narrowly adopted and and have not been generalized to non-stationary hazards
[12]. Neither PRA nor GRA explicitly captures the dependency between safety, generation, and the
evolving hazard landscape. Broader adoption and extension of GRA is needed to close this gap.

In this paper, we develop this argument as follows. Section 2 reviews operational experience from the
existing fleet, where weather- and water-related events have already imposed substantial generation
losses. Section 3 examines current PRA and GRA practice and the stationarity assumption that limits
both. Section 4 summarizes the passive decay heat removal systems in water-cooled SMRs, MSRs, and
HTGRs and their shared dependence on atmospheric and hydrologic boundary conditions. Section 5
identifies four pathways by which GRA outputs are sensitive to evolving boundary conditions, and
Section 6 discusses the implications for operators and regulators and presents our concluding
observations.

2. OPERATIONAL EXPERIENCE: GENERATION RISK UNDER EVOLVING
HAZARDS

Recognizing the broad impacts of power outages [13], [14], [15], [16], operational experience and
recent literature support the framing that generation is itself a potential safety concern.

The OECD Nuclear Energy Agency observes that extreme weather events have already affected nuclear
plant operation, and that any increase in cooling water temperature reduces power output through
decreased thermal efficiency. They project that the costs of inaction, both at the plant level and
indirectly for the electricity system, are likely to exceed the costs of adaptation [10]. Portugal-Pereira
et al. [17] identify reduced water-cooling efficiency, biological contamination of cooling streams, and
drought-driven water access issues as concrete pathways from evolving hazards to lost output.

The existing fleet provides further insights. For example, Collet et al. [18] document that Electricite de
France has reduced or halted output at multiple stations on the Rhone, Garonne, and Gironde rivers
during heat waves in 2003, 2018, 2019, 2022, 2024, and 2025. They further project mean annual
production losses for the French fleet of approximately 0.3 percent under current conditions, rising to
roughly 1.5 percent by mid-century. In the United States, Hurricane Irma in 2017 forced unscheduled
outages at Turkey Point and St. Lucie, Hurricane Florence in 2018 caused a nine-day outage at
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Brunswick, and the 2020 derecho damaged Duane Arnold cooling towers severely enough that the plant
did not return to service [19], [20], [21]. None of these events constituted a radiological incident, yet all
imposed substantial generation loss on the grids that depended on the affected plants.

For advanced reactors with passive safety systems, these vulnerabilities are inherited. Because passive
system performance is more tightly coupled to ambient conditions than active system performance,
advanced reactors will inherit both the availability sensitivities and the safety-margin erosion observed
in the existing fleet [22]. Safety and generation cannot be evaluated in isolation, and frameworks are
needed that quantify both under non-stationary conditions.

A further consideration is the spatial coherence of these hazards. Heat domes, droughts, and tropical
cyclones are regional events that affect multiple plants simultaneously, often within the same balancing
authority. When multiple plants with in fleet derate in a single heat wave affecting river water
temperatures, or multiple plants are taken offline ahead of one hurricane, generation loss is concentrated
in space and time in a way that maximizes its impact on grid reliability [10], [17]. Advanced reactors
deployed in multi-unit configurations at a single site, as in current SMR fleet proposals, may compound
this risk at the site level [11]. Generation as a safety concern, therefore, extends beyond any individual
plant to the regional electricity system that depends on its consistent operation.

3. TREATMENT OF EVOLVING HAZARDS UNDER CURRENT PRACTICE

Quantification of the reliability of passive safety systems has developed over three decades.
Frameworks such as Reliability Evaluation of Passive Safety Systems (REPAS), Reliability Methods
for Passive Safety Functions (RMPS), and Assessment of Passive System Reliability (APSRA) identify
critical thermal-hydraulic parameters, propagate uncertainties through thermal-hydraulic models, and
compute functional failure probabilities against defined success criteria [23], [24]. External hazard PRA
characterizes external hazards through annual exceedance frequencies, often derived from analysis of
historical event records [25]. In both cases, the underlying assumption is that hazard frequencies and
intensities, and the parameter distributions feeding T-H analyses, are stationary. This assumption is
widely questioned in the literature [10], [17], [26], but no mature methodology has yet displaced
stationary return-period framings in regulatory practice.

GRA was developed by EPRI in the early 2000s as an asset management tool to model the frequencies
of reactor trips and derates resulting from balance-of-plant and nuclear steam supply system failures,
supporting equipment reliability, maintenance optimization, and economic decision-making [8]. GRA
models include both safety-significant and non-safety SSCs that contribute to availability and explicitly
track derates, defined as any drop in power from full output, in addition to full trips [8], [27]. Despite
these features, GRA has been narrowly adopted across the industry, with implementations limited to a
small number of plants, and the peer-reviewed literature on GRA implementation and sensitivities is
scarce relative to that on safety PRA [12]. Recent work on tools such as the Versatile Economic Risk
Tool [12] aims to simplify and automate GRA modeling, but extension to incorporate non-stationary
external hazard distributions is not part of standard practice.

The combined effect is that neither PRA nor GRA, as currently practiced, explicitly captures the
dependency between plant endpoints and evolving external hazards. PRA captures adverse radiological
safety endpoints, typically under historical hazard assumptions. GRA quantifies reactor trip and derate
frequencies under similar historical equipment and operating data. Neither, as deployed today,
propagates non-stationary hazard distributions through the dependencies that determine both safety
margin and generation availability.

4. PASSIVE SAFETY SYSTEMS AND BOUNDARY-CONDITION DEPENDENCE

Passive decay heat removal systems differ across reactor classes in working fluid, geometry, and driving
mechanism, but share a common feature: the chain of heat rejection terminates in atmospheric or
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hydrologic conditions, and the driving forces are, by construction, weak. Table 1 summarizes and
compares passive decay heat removal systems (DHRS) across three broad reactor types most commonly
discussed in the literature.

This paper focuses on light-water reactor (LWR) variants of water-cooled SMRs. LWRs are the
dominant technology in the existing US fleet, and the vast majority of advanced SMR designs currently
under licensing review and near-term deployment in the United States are LWR-based [28], [29].
Pressurized heavy-water reactor (PHWR) variants, although significant in some international contexts,
are not the focus of current US advanced SMR programs. Their passive decay heat removal pathways
and boundary-condition dependencies are sufficiently similar to those of LWR-SMRs that the

discussion that follows applies broadly to both.

Table 1. Comparison of passive DHRS across water-cooled SMRs, MSRs, and HTGRs

Reactor Passive svstem Heat transfer Ultimate Key boundary Refs
type Y mechanism heat sink conditions
Water- Reactor pool, Na.tural circulation Atmosphere Pool inventory, p901
cooled DHRS boil-off (via pool) temperature, ambient | [30], [31]
SMR air convection P air temperature
RVACS!,
2
DRACS ,.Freeze Gravitational drain Ambient air
valve, drain tank, . . [32], [33],
MSR natural circulation | Atmosphere | temperature, freeze
coolant at . . [34], [35]
. heat pipes valve thermal margin
atmospheric
pressure
RVACS, Natural circulation
LMR DRACS, coo.lant thermal radiation Atmosphere Ambient air 241, [36],
at atmospheric . temperature [37]
convection
pressure
Reactor Cavity L . . [38], [39],
HTGR | Cooling System Elgfl?rz‘i‘lc;fvl?c‘ggn Atmosphere 22"1;‘;: o [40], [41],
(RCCS) P [42]
'Reactor Vessel Auxiliary Cooling System, *Direct Reactor Auxiliary Cooling System

Many water-cooled Small Modular Reactor (SMR) designs rely on natural circulation in the primary
loop and on passive heat transfer to a pool that serves as the ultimate heat sink [3], [30]. In the NuScale
design, the pool transitions through water cooling, boiling, and finally passive air cooling as boil-off
progresses [31]. Pool inventory, pool temperature, and ambient air temperature are therefore the primary
boundary conditions, with importance shifting from water to air temperature on multi-day timescales.
While not an SMR, the same physics also governs the AP1000 passive containment cooling system, for
which Yu et al. [11] demonstrated measurable shifts in functional failure probability across plausible
atmospheric inputs.

Molten Salt Reactor (MSR) designs use a different strategy. Fuel salt is gravitationally drained to
subcritical drain tanks when a freeze valve melts under decay heat. Drain tank cooling is then provided
by passive natural circulation heat rejection systems such as the Reactor Vessel Auxiliary Cooling
System (RVACS) and the Direct Reactor Auxiliary Cooling System (DRACS) via thimbles and heat
pipes, with heat ultimately rejected to ambient air [32], [34]. The freeze valve must hold the plug against
inadvertent dislodging at elevated ambient temperatures, and the drain tank heat rejection capacity
depends directly on ambient temperature conditions [32], [33]. In addition to drain-based shutdown,
MSRs benefit from passive features intrinsic to the coolant: molten salts have high volumetric heat
capacity that provides thermal inertia, and operate at near-atmospheric pressure, reducing the risk of
pressure-driven loss-of-coolant events [43]. The intrinsic atmospheric-pressure feature is largely
insensitive to evolving boundary conditions, but the heat-rejection chain itself still terminates in the
atmosphere.
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Liquid Metal Reactor (LMR) designs, most commonly sodium-cooled fast reactors (such as
TerraPower's Natrium and Oklo's Aurora) [29], employ pool-type primary systems in which the reactor
core is submerged in a large sodium pool that serves as both the working fluid and an integral heat
reservoir. Like MSRs, LMR designs use coolants with high volumetric heat capacity that operate at
near-atmospheric pressure, providing intrinsic thermal inertia and reducing the risk of pressure-driven
loss-of-coolant scenarios [43]. Passive decay heat removal is provided by natural-circulation systems
such as RVACS and DRACS, in which decay heat is transferred from the core through the reactor vessel
or through a dipped heat exchanger and ultimately rejected to ambient air [24], [36]. As with MSRs,
the chain of dependence terminates in the atmosphere, and ambient air temperature is the principal
boundary condition. The intrinsic atmospheric-pressure feature is largely insensitive to evolving
boundary conditions, but the heat rejection chain is subject to the same non-stationarity concerns
discussed for the other reactor classes [37].

High Temperature Gas Reactor (HTGR) designs rely on the Reactor Cavity Cooling System (RCCS)
as the principal passive feature, with decay heat conducted through the graphite core to the reactor
pressure vessel and transferred across the cavity primarily by thermal radiation and natural convection
to ambient air [42]. Of the three classes, HTGR RCCS performance has the most direct functional
dependence on ambient air temperature. Design analyses commonly assume a fixed bounding ambient
near 40 degrees Celsius, and operational data from HTR-PM confirm that small ambient variations
measurably affect heat removal performance [41].

The existing literature on passive system robustness under varying boundary conditions presents a
nuanced picture. Detailed thermal-hydraulic analyses show that passive safety systems retain their
safety functions across substantial ambient variations. Fakhraei et al. [35] confirmed that the NuScale
design retains sufficient margin during extended station blackout sequences even with concurrent
emergency core cooling system failure. Park et al. [44] showed that natural-circulation heat removal
effectively dissipates decay heat across credible boundary-condition variations. At the same time,
reliability analyses identify sink and environment temperatures as among the most influential
parameters for performance, and Nayak et al. [23] note that they vary in time and cannot reasonably be
treated as fixed.

Thus, available literature suggests safety margins are broadly preserved against moderate variations in
ambient conditions. However, the magnitude of those margins and the probability of derates, protective
reactor trips, and extended forced outages are sensitive to boundary-condition statistics that are no
longer stationary. Existing literature has not thoroughly explored the extent to which these changes will
meaningfully affect generational risk.

5. GRA IMPLICATIONS OF EVOLVING BOUNDARY CONDITIONS

GRA quantifies generation risk through reactor trip and derate frequencies that depend directly on the
boundary conditions that determine passive system performance. This direct dependence makes GRA
outputs particularly sensitive to non-stationary hazard distributions through four distinct pathways:

1. Thermal efficiency loss, representing when efficiency falls at heat sink temperature rises.

2. Administrative output reduction, representing operator derating to preserve safety limits as
passive heat rejection capacity degrades.

3. Protective shutdowns, including reactor trips due to loss of offsite power, drought-driven
water unavailability, or other factors such as smoke loading.

4. Elevated maintenance unavailability, due to more frequent inspection, cleaning, and repair
of components operating closer to performance limits.

Thermal efficiency of any thermodynamic cycle depends on the temperature difference between the

heat source and the heat sink. As ambient air or cooling water temperatures rise, Carnot efficiency falls
and net electric power output is reduced even at full thermal power [45]. The OECD Nuclear Energy
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Agency notes that any increase in cooling water temperature reduces power output through decreased
efficiency [10], and this effect compounds over the long operating life of an advanced reactor as ambient
distributions shift.

Under the second pathway, passive heat rejection capacity is reduced by elevated ambient temperatures.
Operators may need to reduce reactor power to preserve margin to safety limits and avoid challenging
passive system performance envelopes [46]. This pathway translates degraded passive system
effectiveness directly into derates, even before any safety-relevant threshold is approached, and is by
construction invisible to traditional safety PRA.

Third, protective shutdowns arise from a range of evolving hazards that GRA inputs typically treat as
low-frequency events. Loss of offsite power during heat domes and storms, drought-driven cooling
water unavailability, intake clogging from biological contamination of warmer surface waters [17],
wildfire smoke loading on air-cooled passive system intakes [47], and severe precipitation or storm
surge are all hazards whose frequencies are expected to evolve [48]. Each translates into reactor trip
frequencies that current GRA implementations, using historical data, are likely to underestimate.

Fourth, prolonged or more frequent forced maintenance is an indirect but substantial pathway. Passive
systems operating closer to performance limits, balance-of-plant equipment exposed to more frequent
thermal extremes, and intake structures fouled by warmer water [49] or biological contamination [50]
all impose more frequent inspection, cleaning, and repair, which appear in GRA as elevated
unavailability rates rather than discrete reactor trip events.

These pathways are largely independent of, but coupled to, the safety endpoints PRA quantifies. A plant
can preserve safety margin while losing efficiency, reducing output, suffering protective reactor trips,
and incurring extended maintenance. The cumulative effect on availability for a community depending
on that plant is substantial.

6. DISCUSSION AND CONCLUSION

Passive safety systems in advanced reactors depend on environmental boundary conditions that are no
longer stationary, and the existing literature supports a nuanced perspective in which safety margins are
broadly preserved against moderate variations while generation availability is meaningfully more
sensitive. Because communities, essential services, and, increasingly, data centers depend on consistent
power, the loss of generation through reduced thermal efficiency, administrative derates, protective
shutdowns, and elevated maintenance imposes a substantial societal cost even when no radiological
event occurs. Generation, in this sense, is itself a potential safety concern.

Utilities and plant operators have a direct economic interest in availability, and the case for broader
GRA adoption may strengthen for plants relying on passive safety systems. Stability and performance
of these systems in conventional PRA could mask the risks to public welfare and the economic impacts
of generation disruptions. While current operators use GRA for asset management at a handful of plants,
advanced reactor operators may derive insights from GRA-style analyses that characterize the
sensitivities of generation capacity when performance may shift under evolving hazards. The four
pathways identified in Section 5 collectively define an availability envelope that current GRA practice,
with its reliance on historical equipment and operating data, may overestimate.

Regulators have traditionally focused on catastrophic safety endpoints, and for the existing fleet, this
focus has served well. Two considerations may now warrant broader engagement with GRA. First, the
defense-in-depth interpretation of safety holds that margin erosion is a concern even when safety limits
are not exceeded. Hazard-driven degradation of passive system performance can potentially erode
margin in this sense, particularly for designs whose safety case rests on passive heat rejection to ambient
environments. Second, as nuclear capacity is positioned as stable low-carbon generation, the societal
stake in generation availability is increasingly a public safety concern. A plant safely shut down during
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a heat dome does not constitute a radiological event, but a regional fleet simultaneously offline does
constitute a grid reliability event with potential consequences for the communities that depend on it.

In summary, current PRA and GRA practice does not explicitly capture the dependency between safety
and generation endpoints and the evolving external hazards that drive them. GRA in particular remains
narrowly adopted and methodologically static. Combined operator—regulator interest in extending GRA
to incorporate non-stationary external hazard inputs offers a strong organizational basis for closing this
gap. Broader adoption of GRA, and its extension to incorporate non-stationary external hazard
distributions could help quantify the dual risks to safety and generation that advanced reactors will face
under evolving conditions.
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