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Small modular reactors (SMRs; i.e., nuclear reactors that produce <300 MWelec each)
have garnered attention because of claims of inherent safety features and reduced cost.
However, remarkably few studies have analyzed the management and disposal of their
nuclear waste streams. Here, we compare three distinct SMR designs to an 1,100-MWelec
pressurized water reactor in terms of the energy-equivalent volume, (radio-)chemistry,
decay heat, and ﬁssile isotope composition of (notional) high-, intermediate-, and lowlevel waste streams. Results reveal that water-, molten salt–, and sodium-cooled SMR
designs will increase the volume of nuclear waste in need of management and disposal by
factors of 2 to 30. The excess waste volume is attributed to the use of neutron reﬂectors
and/or of chemically reactive fuels and coolants in SMR designs. That said, volume is
not the most important evaluation metric; rather, geologic repository performance is
driven by the decay heat power and the (radio-)chemistry of spent nuclear fuel, for which
SMRs provide no beneﬁt. SMRs will not reduce the generation of geochemically mobile
129 99
I, Tc, and 79Se ﬁssion products, which are important dose contributors for most
repository designs. In addition, SMR spent fuel will contain relatively high concentrations of ﬁssile nuclides, which will demand novel approaches to evaluating criticality during storage and disposal. Since waste stream properties are inﬂuenced by neutron
leakage, a basic physical process that is enhanced in small reactor cores, SMRs will exacerbate the challenges of nuclear waste management and disposal.
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In recent years, the number of vendors promoting small modular reactor (SMR)
designs, each having an electric power capacity <300 MWelec, has multiplied dramatically (1, 2). Most recently constructed reactors have electric power capacities >1,000
MWelec and utilize water as a coolant. Approximately 30 of the 70 SMR designs listed
in the International Atomic Energy Agency (IAEA) Advanced Reactors Information
System are considered “advanced” reactors, which call for seldom-used, nonwater coolants (e.g., helium, liquid metal, or molten salt) (3). Developers promise that these technologies will reduce the ﬁnancial, safety, security, and waste burdens associated with
larger nuclear power plants that operate at the gigawatt scale (3). Here, we make a
detailed assessment of the impact of SMRs on the management and disposal of nuclear
waste relative to that generated by larger commercial reactors of traditional design.
Nuclear technology developers and advocates often employ simple metrics, such as
mass or total radiotoxicity, to suggest that advanced reactors will generate “less” spent
nuclear fuel (SNF) or high-level waste (HLW) than a gigawatt-scale pressurized water
reactor (PWR), the prevalent type of commercial reactor today. For instance, Wigeland
et al. (4) suggest that advanced reactors will reduce the mass and long-lived radioactivity of HLW by 94 and ∼80%, respectively. These bulk metrics, however, offer little
insight into the resources that will be required to store, package, and dispose of HLW
(5). Rather, the safety and the cost of managing a nuclear waste stream depend on its
ﬁssile, radiological, physical, and chemical properties (6). Reactor type, size, and fuel
cycle each inﬂuence the properties of a nuclear waste stream, which in addition to
HLW, can be in the form of low- and intermediate-level waste (LILW) (6–8).
Although the costs and time line for SMR deployment are discussed in many reports,
the impact that these fuel cycles will have on nuclear waste management and disposal is
generally neglected (9–11).
Here, we estimate the amount and characterize the nature of SNF and LILW for three
distinct SMR designs. From the speciﬁcations given in the NuScale integral pressurized
water reactor (iPWR) certiﬁcation application, we analyze basic principles of reactor physics
relevant to estimating the volumes and composition of iPWR waste and then, apply a similar methodology to a back-end analysis of sodium- and molten salt–cooled SMRs. Through
this bottom-up framework, we ﬁnd that, compared with existing PWRs, SMRs will increase
the volume and complexity of LILW and SNF. This increase of volume and chemical
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Signiﬁcance
Small modular reactors (SMRs),
proposed as the future of nuclear
energy, have purported cost and
safety advantages over existing
gigawatt-scale light water reactors
(LWRs). However, few studies have
assessed the implications of SMRs
for the back end of the nuclear
fuel cycle. The low-, intermediate-,
and high-level waste stream
characterization presented here
reveals that SMRs will produce
more voluminous and chemically/
physically reactive waste than
LWRs, which will impact options
for the management and disposal
of this waste. Although the
analysis focuses on only three of
dozens of proposed SMR designs,
the intrinsically higher neutron
leakage associated with SMRs
suggests that most designs are
inferior to LWRs with respect to
the generation, management, and
ﬁnal disposal of key radionuclides
in nuclear waste.
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complexity will be an additional burden on waste storage, packaging, and geologic disposal. Also, SMRs offer no apparent beneﬁt in
the development of a safety case for a well-functioning geological
repository.
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1. SMR Neutronics and Design
A nuclear reactor is designed to sustain criticality, a chain reaction of ﬁssion events that generates energy (∼200 MeV per ﬁssion event) and extra neutrons that can cause ﬁssion in nearby
ﬁssile nuclides. The neutron “economy” of a reactor depends
on the efﬁciency of the chain reaction process; the fate of neutrons absorbed by abundant nuclides, such as 238U or 232Th;
the ﬁssion of newly generated ﬁssile nuclides, such as 239Pu and
233
U; and the loss of neutrons across the fuel boundary. These
“lost” neutrons can activate structural materials that surround
the fuel assemblies. Each of these physical processes generates
radioactive waste. Thus, the ﬁnal composition of the SNF
and associated wastes depend on the initial composition of the
fuel, the physical design of the fuel, burnup, and the types of
structural materials of the reactor.
The probability of neutron leakage is a function of the reactor dimensions and the neutron diffusion length, the latter of
which is determined by the neutron scattering properties of the
fuel, coolant, moderator, and structural materials in the reactor
core (12). The neutron diffusion length will be the same in
reactors that use similar fuel cycles and fuel–coolant–moderator
combinations; thus, the neutron leakage probability will be
larger for an SMR than for a larger reactor of a similar type
(SI Appendix, section 1).
For thermal-spectrum reactors, the neutrons undergo elastic
scattering with the water or graphite moderator, leading to neutron diffusion lengths that are short relative to the core dimensions. Here, leakage grows quadratically with decreasing core
radius and reactor size (SI Appendix, section 1). For instance, a
3,400-MWth PWR will leak <3% of its free neutrons, whereas
a 160-MWth iPWR may leak >7% (9). Leakage from fast reactors is also high, at least 4% and up to 25%, depending on the
fuel composition and other aspects of core design (13). Overall,
both water and nonwater SMRs entail increased neutron leakage as compared with a gigawatt-scale light water reactor
(LWR) (SI Appendix, section 1).
Small increases in neutron leakage have a signiﬁcant effect
on core criticality and power output and will lead to reduced
SNF burnup (a measure of fuel efﬁciency expressed in units of
energy extracted per mass of heavy metal in the initial fuel; e.g.,
megawatt-days per kilogram, or MWd/kg) (SI Appendix,
section 1) (9, 14) unless compensated for by design changes to
the reactor and/or fuel, including
• utilizing a fuel enriched to >5 wt % initial 235U or 239Pu to
increase the initial ﬁssile loading and the probability of neutron absorption by a ﬁssile element,
• introducing a neutron reﬂector to redirect a fraction of leaked
neutrons back into the core, and/or
• foregoing a neutron moderator or using graphite rather than
water.
Most of the SMR designs listed in the IAEA Aris database
incorporate one or all these strategies to improve the core
neutron economy (Table 1).
In this paper, we describe how these changes manifest in
water-, sodium-, and molten salt–cooled SMR designs and their
impact on the volume, composition, and geologic disposal of
SNF/HLW and LILW.
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2. Framework for Waste Comparison
The management and disposal of nuclear waste are inﬂuenced
by the formation and distribution of radionuclides throughout
a reactor, which in turn, depend on the geometry, composition,
and ﬂow paths of reactor, fuel, moderator, and coolant materials. These speciﬁcations were tabulated for 16 SMR designs
(Table 1). Of these, the NuScale iPWR, the Toshiba 4S
sodium-cooled fast reactor, and the Terrestrial Energy Integral
Molten Salt Reactor (IMSR) were selected for in-depth, quantitative and qualitative waste assessments, because reliable reactor
and fuel cycle speciﬁcations for these designs have been published in (pre-)license and patent application materials. Where
proprietary design parameters were redacted from these materials, gaps in the availability of technical data were ﬁlled through
explicit assumptions, through reference to similar designs
analyzed in the scientiﬁc literature, or through derivation using
known design parameters.
The quantitative comparison aimed to determine
whether advanced reactors will generate less nuclear waste than
existing LWRs. SNF and LILW volumes were calculated for
each of the three SMR designs, and the results were normalized
to the thermal energy generated by the respective reactor or
fuel cycle, roughly the reactor power integrated over the reactor
lifetime or fuel cycle length (sections 3 and 4). This metric, the
energy-equivalent waste volume (in cubic meters per gigawatt
thermal-year, or m3/GWth-y), was used to compare SMR and
PWR waste volumes relative to their respective energy beneﬁts.
Fuel burnup and core geometry speciﬁcations were used to estimate the SNF volumes (sections 3.2 and 4), whereas neutron
ﬂux and primary coolant loop speciﬁcations were used to estimate the volume of reactor material that will become neutron
activated or contaminated to result in long- or short-lived
decommissioning LILW (sections 3.3, 4.1, and 4.2).
The metrics “volume” and “energy-equivalent volume,” however, do not reﬂect the radionuclide composition and speciation, much more important parameters for the proper evaluation of the impact on the safety of a geologic repository.
Nuclear reactors generate several distinct waste streams, which
contain variable concentrations of radionuclides that have a
range of half-lives from hours to millions of years and a variety
of very different nuclear and chemical properties. Thus, in
addition to calculating the SMR waste volumes, we characterize
the radiochemical compositions of SNF and LILW streams
(sections 3 and 4) and then, discuss their management and disposal as SNF or LILW in a geologic repository (section 4).
2.1. Metrics.

Decommissioning LILW that contains low or very
low concentrations of short- or long-lived radionuclides (halflives less than or greater than 30 y, respectively) may qualify
for disposal as “short-lived LILW” in a near-surface disposal
facility. However, “long-lived LILW” that contains intermediate concentrations of long-lived radionuclides and/or shortlived radionuclides in concentrations high enough to warrant
radiation-shielded packaging should be disposed of in a geologic repository that has multiple natural and engineered
barriers (6).
In this paper, we classify reactor materials that may become
neutron activated via neutron leakage from the active core as
long-lived decommissioning LILW (sections 3.3.1 and 4.2),
whereas materials that may become contaminated by contact
with the primary reactor coolant are classiﬁed as short-lived
LILW (sections 3.3.2 and 4). Where possible, we refer to neutron ﬂux models or to previous waste characterization studies to

2.2. LILW.
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Table 1. Select SMRs and full-scale reactors to illustrate differences in fuel enrichment, burnup, and reactor
materials
burnup

Moderator
(if not
water)

MWth

(MWd/kg)

870
4,960

3.4
5.2

50
60

60

160
330
850
1,000
1,940
3,400

5
4.8
4.8
4.8
4
4.8

34
36
38
46
55
60

60
60

250
400

7
3

31
14

12
7

NaOH
Graphite

450

2

21

30

Graphite

557
750

20
5

256
70

4
60

Graphite
Graphite

4

20

<10

20

4S-30 (Toshiba)
4S-135 (Toshiba)
PGSFR (KAERI)
BN350 (JSC/OKBM)
PRISM (GE-Hitachi)
Traveling wave reactor
(TerraPower)
ASTRID (CEA)

30
135
400
750
840
1,475

19
18
13–19.5
26
∼15
16

34
90
49
58
∼100
150

1,500

23

BN1200 (JSC/OKBM)
JSFR (JAEA)

2,800
3,530

13
18–21

Reactor type
Boiling water reactors
BWRX-300 (GE-Hitachi)
ABWRII (GE-Hitachi)
PWR
iPWR (NuScale)
SMART (KAERI)
VVER300 (Gidropress)
IMR (Mitsubishi)
AP600 (Westinghouse)
AP1000 (Westinghouse)
Molten salt reactor (thermal)
CMSR (Seaborg Technologies)
IMSR-400 (Terrestrial Energy)
FUJI (International Thorium
MSR Forum)
ThorCon (Martingale)
SSR-U/Th (Moltex Energy)
Sodium-cooled fast reactor
Oklo (Oklo Inc.)
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Vessel
lifetime
(y)

Enrichment
(%)

Coolant
(if not
water)

Reflector

Shield

Ref.
82

Steel
83

60
60
60

Steel

84

NaOH
Yes

85
86

Graphite

87

NaF-BeF2
NaF-RbF,
ZrF4-NaF-KF

Graphite

88
89

n/a

Sodium

Boron-carbide

90

60
60
60
20
60
40

n/a
n/a
n/a
n/a
n/a
n/a

Sodium
Sodium
Sodium
Sodium
Sodium
Sodium

Zirconium +
stainless steel
Stainless steel
Stainless steel
Lead-oxide (PbO)
Yes
Yes
Steel

Boron-carbide
Boron-carbide
Boron-carbide
Iron ore
Yes
Boron-carbide

34
34
91, 92
32
74
93

77

60

n/a

Sodium

Boron-carbide

30, 94

112
150

60
60

n/a
n/a

Sodium
Sodium

Magnesiumoxide
Beryllium
Stainless steel

Boron
Zirconiumhydride

95, 96
97, 98

NaF-KF
NaF, BeF2,
or LiF
LiF-BeF2

n/a, not applicable.

justify these SMR LILW classiﬁcations. However, in practice,
these classiﬁcations should be veriﬁed through an iterative
safety assessment process. This involves sampling and analysis
of reactor materials to constrain the source term as well as sitespeciﬁc radionuclide transport simulations that consider the
temporal evolution of a proposed repository, including its natural hydrogeochemistry, as coupled with an engineered barrier
system (section 4).
Similar to LILW, the safe management and
disposal of SNF or HLW must take into account metrics
beyond mass, volume, or radioactivity. Therefore, we compare
the SNF that will be generated by SMRs with that discharged
by LWRs in terms of

2.3. HLW or SNF.

• the chemistry of the SNF matrix and its radionuclide contents, which inﬂuences the environmental mobility of radionuclides and their consequent potential to deliver radiation
doses to humans in the biosphere;
• the heat generated by radioactive decay, which can damage
the SNF matrix, as well as other components of the barrier
system (e.g., the stability of backﬁll clays used to inhibit
radionuclide transport); and
• the concentrations of ﬁssile isotopes in the SNF, which inﬂuence its potential to sustain a heat-generating critical chain
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reaction that can damage the fuel and barrier systems in a
geologic repository.
These variables depend on the SNF radiochemical composition (i.e., the radionuclide amount and type, including their
chemical properties, half-lives, decay modes, and daughter products), which in turn, depends on the initial fuel composition, its
ﬁnal burnup, and the time elapsed since it was discharged from
the reactor. In addition, the in-core neutron energy spectrum
affects the types and amounts of radionuclides formed in the
fuel and reactor materials, such that the composition of SNF
generated by a moderated thermal-spectrum reactor will differ
from that generated by a fast reactor. SMR and LWR fuel burnups and compositions are compared in terms of repository design
and long-term safety assessments in section 4.
Whether a particular nuclear material
can be stored or disposed of at a speciﬁc facility is, in part, governed by its radiochemical and bulk chemical compositions.
LWRs generate decommissioning LILW and SNF in the nominal forms of concrete, steel, zirconium cladding, and UO2.
Since these materials do not react rapidly or violently under
ambient conditions, they can be stored or disposed of at appropriately designed facilities. On the other hand, non-LWR
SMRs employ chemically exotic fuels and coolants (e.g., metallic sodium, metallic uranium, and uranium tetraﬂuoride) that

2.4. Waste Chemistry.
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react rapidly with water and/or atmospheric oxygen. Since
experience with handling and disposing of these chemically
unstable waste streams is limited, we refer to decommissioning
reports from previous experimental reactors to infer the implications that novel SMR materials will have for the direct disposal of their wastes (sections 4). Prior to disposal, exotic spent
fuel, coolant, and/or moderator materials will require treatment
and conditioning. However, the properties of the by-products
and infrastructure associated with these processes are uncertain,
so the additional waste streams generated by treatment and
conditioning processes are not quantiﬁed in this study.
This study also neglects to consider reprocessing, recycling,
and dilution because these treatments will not eliminate the
need for the storage, transportation, treatment, and disposal of
radioactive materials.
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3. SMR Waste Streams: Volumes and
Characteristics
3.1. Novel SMR Design Features. Many SMRs adopt an “integral”
design, wherein the reactor core and certain auxiliary systems (e.g.,
steam generators, pressurizers, and/or heat exchangers) are all contained within a reactor vessel (SI Appendix, Figs. S2 and S3). Several SMRs may be colocated at a single power station. For
instance, a NuScale iPWR station may host up to 12 160-MWth
iPWRs, each submerged in a common reactor pool that shares
water with the SNF cooling pool (15, 16).
Primary coolant (e.g., in the form of water, molten salt, or
sodium) will be heated at the core and circulated upward
through the center of the reactor vessel. At the upper portion
of the reactor vessel, the primary coolant is redirected downward to ﬂow over heat exchangers, which warm a secondary
coolant that ultimately supports the power train. The primary
coolant comes in direct contact with the active core and so, represents an important conduit that, under normal operating conditions, can contaminate the reactor vessel and its contents
with radionuclides.
In the case of sodium- and molten salt–cooled SMRs, the
primary coolant will be chemically reactive (section 3.4.3),
heated to temperatures >500 °C, and highly radioactive (2).
Under these extreme conditions, reactor components can have
a shorter lifetime than the standard PWR (60 y), and this will
increase decommissioning LILW volumes. In addition, nonlight water SMRs will introduce uncommon types of LILW in
the form of neutron reﬂectors and chemically reactive coolant
or moderator materials.
The following sections show how the difference between
SMR and full-scale reactor core geometries, primary coolant
ﬂow paths, and refueling procedures will impact the generation
of short- and long-lived decommissioning LILW.

For PWR and iPWR
designs that each employ UO2 fuel enriched to ∼5 wt % 235U,
previous investigators report that neutron leakage (section 2)
will reduce fuel burnups from ∼55 MWd/kg, as achieved by
PWRs, to 26 to 34 MWd/kg for an iPWR (9, 15). Since burnup details were redacted from the publicly available license
application of the NuScale reactor, a burnup of ∼34 MWd/kg
is here calculated using the fuel rod dimensions, linear power
density, and reactor operating parameters provided for this
iPWR (SI Appendix, Table S2) (17). Operating as recommended by NuScale, a 12-module iPWR station (1,900 MWth)
would discharge ∼21 MT SNF/y, which is similar to a power
station that hosts a single 3,400-MWth PWR (burnup of

3.2. SNF: burnup, Mass, and Volume.
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57 MWd/kg) (SI Appendix, Table S2). Per energy equivalent,
the mass of SNF that will be discharged by an iPWR is
1.7-fold greater than that discharged by a gigawatt-scale PWR
(SI Appendix, Table S2).
Like the NuScale iPWR, molten salt– and sodium-cooled
SMRs will experience enhanced neutron leakage (section 2 and
SI Appendix, section 1). Although these SMR designs may seek
to offset the leakage by using neutron reﬂectors and/or fuel
enriched to >5 wt % initial ﬁssile concentration, fuel burnups
will be lower than for larger molten salt– and sodium-cooled
reactors (Table 1). For instance, the use of 19 wt % initial ﬁssile fuel in a 2-, 30-, or 135-MWth sodium SMR will achieve
burnups of <10, 34, or 90 MWd/kg, respectively (Table 1).
ThorCon’s 560-MWth molten salt SMR also calls for a fuel
enriched to ∼20 wt % ﬁssile isotopes that is claimed to achieve
a burnup of 250 MWd/kg. However, 3%-enriched 235U fuel in
Terrestrial Energy’s 400-MWth molten salt SMR will achieve a
burnup of only 14 MWd/kg (Table 1).
The energy-equivalent mass of SNF generated by these
SMRs can be calculated from the inverse of the respective
burnup. Whereas a PWR with a burnup of 55 MWd/kg discharges ∼6.5 MT SNF/GWth-y, a nonwater-cooled SMR may
discharge 1.5 to >36 MT SNF/GWth-y. These ﬁgures, however, solely reﬂect the mass of uranium, actinides, and ﬁssion
products in the SNF and neglect contributions from salt or
sodium constituents in or around the fuel matrix. Such lowdensity materials contribute little to mass-based SNF estimates
but nevertheless, will contribute to volume-based estimates. For
the 160-MWth NuScale, the 400-MWth Terrestrial Energy,
and the 30-MWth Toshiba SMR designs, volumetric discharges
of 5.1, 11, and 2.0 m3 SNF/GWth-y, respectively, have been
calculated as compared with 2.0 m3 SNF/GWth-y for a PWR
(Fig. 1 and SI Appendix, section 2). The management and disposal implications for low–burnup SMR fuel are discussed in
section 4.
3.3. Long-Lived LILW: Activated Steel from Reactor Vessels
and Neutron Reflectors. In general, long-lived LILW consists

of near-core reactor components that have become radioactive
or “activated” after absorbing neutrons leaked from the core
(18, 19) (section 2). This activated steel contains radioisotopes
with half-lives longer than several thousand years (e.g., 59Ni,
14
C, 94Nb, 99Tc, 93Zr, 93Mo, and 36Cl) and so, should be
disposed of in a geologic repository that will limit and delay
the introduction of radionuclides to the surface ecosystem
(Table 2) (7, 20, 21).
3.3.1. Near-core iPWR components. The degree of activation in
near-core reactor steel is directly proportional to the timeintegrated ﬂux of neutron exposure or the neutron “ﬂuence”
(21). Although a NuScale iPWR generates 95% less heat than a
full-scale PWR, the total neutron ﬂux at the periphery of
an active iPWR core will be similar to that of the AP1000
(>1014 neutrons/cm2-s) (18, 22).
Activation models that account for the geometry and composition of PWR cores indicate that exposure to a thermal neutron ﬂuence >1021 neutrons/cm2 (i.e., a neutron ﬂux >1012
neutrons/cm2-s for 60 y at 70% capacity factor) will qualify a
component as long-lived LILW or Greater-than-Class-C waste,
as deﬁned by the US Nuclear Regulatory Commission (SI
Appendix, Fig. S1) (19, 21).
NuScale indicates that the iPWR pressure vessel, located
∼35 cm from the active core, is exposed to a thermal neutron
ﬂux of 2.41011 neutrons/cm2-s (Fig. 2 and SI Appendix, Fig.
S1) (18). This exceeds the thermal ﬂux at the pressure vessel of
pnas.org
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Fig. 1. Energy-equivalent waste volumes, by waste type, for various SMR
designs—including the NuScale iPWR, the Terrestrial Energy IMSR, and the
sodium-cooled Toshiba 4S SMRs.

a PWR (5.31010 neutrons/cm2-s) by a factor of 4.5 (23). If the
iPWR operates for 60 y at 95% capacity (18), the neutron ﬂuence at the iPWR pressure vessel, ∼4.31020 neutrons/cm2, will
approach the long-lived LILW activation limit of 1021 neutrons/cm2. Hence, NuScale iPWR components located between
the core and the pressure vessel, including the core barrel and
the neutron reﬂector (SI Appendix, Fig. S1), may warrant geologic disposal as long-lived LILW at decommissioning.
Whether the NuScale iPWR pressure vessel will also reach
long-lived LILW activation levels is uncertain and may vary
according to nation-speciﬁc regulations.
Since the NuScale iPWR components discussed will consist
of stainless steel with a composition similar to that of a PWR

(i.e., type 304/304L stainless steel) (8, 19), these long-lived
LILW estimates are not sensitive to differences in the steel
composition and associated neutron absorption cross-sections.
The volume of long-lived LILW that might arise from
decommissioning a 160-MWth iPWR was estimated and compared with the corresponding ﬁgures for a 3,400-MWth PWR
(19) (SI Appendix, Table S3). One iPWR will generate 0.29 or
0.53 m3/GWth-y depending on whether the pressure vessel will
be activated to long-lived LILW levels. Compared with a PWR
(3.1102 m3/GWth-y), the NuScale iPWR would increase the
energy-equivalent volume of long-lived decommissioning
LILW waste in need of geologic disposal by a factor of 9 to 17
(SI Appendix, Table S3).
3.3.2. Corroded vessels from molten salt reactors. Molten salt
reactor vessel lifetimes will be limited by the corrosive, hightemperature, and radioactive in-core environment (23, 24). In
particular, the chromium content of 316-type stainless steel that
constitutes a PWR pressure vessel is susceptible to corrosion in
halide salts (25). Nevertheless, some developers, such as ThorCon, plan to adopt this stainless steel rather than to qualify a
more corrosion-resistant material for the reactor vessel (25).
Terrestrial Energy may construct their 400-MWth IMSR vessel from Hastelloy N, a nickel-based alloy that has not been
code certiﬁed for commercial nuclear applications by the American Society of Mechanical Engineers (26, 27). Since this
nickel-based alloy suffers from helium embrittlement (27), Terrestrial Energy envisions a 7-y lifetime for their reactor vessel
(28). Molten salt reactor vessels will become contaminated by
salt-insoluble ﬁssion products (28) and will also become
neutron-activated through exposure to a thermal neutron ﬂux
greater than 1012 neutrons/cm2-s (29). Thus, it is unlikely that
a commercially viable decontamination process will enable the
recycling of their alloy constituents. Terrestrial Energy’s 400MWth SMR might generate as much as 1.0 m3/GWth-y of steel
or nickel alloy in need of management and disposal as longlived LILW (Fig. 1, Table 1, and SI Appendix, Fig. S3 and
section 2).
3.3.3. Damaged reflectors and shielding from fast-spectrum SMRs.

Since fast-spectrum SMRs—cooled by gas or by molten sodium,
lead, or salt—forego a neutron moderator, these designs employ

Table 2. Activation products and half-lives of core barrel, moderator, neutron reﬂector, shielding, and coolant
materials for various SMR designs
Material

Activation product (t1/2, y)
54

Stainless steel

55

60

63

Mn (0.85), Fe (2.7), Co (5.3), Ni (1.0e2),
93
Mo (4.0e3), 14C (5.7e3), 94Nb (2.0e4),
59
Ni (7.6e4), 99Tc (2.1e5), 36Cl (3.0e5)
3
H (12), 14C (5.7e3), 36Cl (3.0e5)

Graphite

18

F (2.1e-4), 24Na (1.5e-3), 51Cr (7.7e-2),
59
Fe (0.12), 58Co (0.19), 22Na (2.6), 55Fe (2.7),
60
Co (5.3), 3H (12), 14C (5.7e3)
24
Na (1.5e-3), 22Na (2.6)

FLiBe

Sodium

Magnesium-oxide
Lead-oxide
Boron carbide
Beryllium

24

Na (1.5e-3)
Bi (1.4e-2), 210Po (0.38), 210Pb (22), 205Pb (1.7e7)
3
H (12), 14C (5.7e3), 10Be (1.5e6)
3
H (12), 10Be (1.5e6); due to uranium impurity:
90
Sr (29), 134Cs (2.1), 137Cs (30), 244Cm (18),
241
Pu (14)
210

Notes
Depends on the composition of steel

Plus contamination (corrosion and ﬁssion
products, actinides)
Includes FLiBe impurities, neglects
contamination by corrosion and ﬁssion
products, actinides
24
Na, a strong gamma emitter; 134Cs (2.4),
137
Cs (30), and 60Co (5.3)
in primary coolant also signiﬁcant
Fast reactor reﬂectors and shielding materials
contained within steel cladding (activation
products listed in the ﬁrst row)

Ref.
19, 20

99
100

101

102
103
104
105

FLiBe, a mixture of ﬂuorine, lithium, and beryllium.
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Fig. 2. To-scale drawing of (A) 1,000-MWelec PWR and (B) 50-MWelec NuScale iPWR cores showing inner and outer diameters of cylindrical components
(in centimeters) and color coded according to anticipated status as short-lived (yellow) or long-lived (light red and maroon) LILW. Orange color indicates
uncertainty with respect to short- or long-lived LILW status.

neutron reﬂectors and shielding to mitigate damage to the reactor
vessel caused by fast neutron bombardment (Table 1) (30, 31).
Although neutron absorption cross-sections are, in general, lower
for fast than for thermal neutrons, fast neutron ﬂuxes in sodiumcooled SMRs will exceed 1015 n/cm2-s (32). Thus, the need to
manage and dispose of activated reﬂector and shielding subassemblies as long-lived LILW can be anticipated. For example, after
operating for 20 y, the 750-MWth BN-350 sodium-cooled fast
reactor (Kazakhstan: 1973 to 1993) generated ∼13 m3 of activated steel that contained long-lived 59Ni and 94Nb radionuclides
in concentrations sufﬁcient to warrant geologic disposal of its
reﬂectors and shielding as long-lived LILW (33).
Common reﬂector and shielding materials include steel and
boron carbide, respectively, but beryllium, magnesium, lead, and
other materials have also been considered (31). Although some
of these materials form few long-lived activation products, they
will be clad by steel cladding that does form long-lived activation
products and will be lifetime limited by fast neutron damage
(Table 2) (32, 34). Given the 30-y core lifetime and dimensions
stated by Toshiba, a 30-MWth sodium-cooled SMR will generate up to 25 m3/GWth-y of activated reﬂector and shielding
assemblies that may be classiﬁed as long-lived LILW (Table 1
and SI Appendix, Fig. S3 and section 2; see Fig. 1).
3.4. Short-Lived LILW.
3.4.1. Contaminated iPWR components. Short-lived

LILW is primarily generated by surface contamination of structural materials that have been in contact with the reactor coolant, which
carries radioisotopes sourced by ruptured fuel rods and activated corrosion products (35). Inventory reports indicate that a
3,400-MWth PWR in Sweden will generate ∼600 m3 (3.3 m3/
GWth-y) of short-lived decommissioning LILW in the form of
contaminated steel and activated concrete (SI Appendix, Table
S3) (36, 37).
Short-lived LILW from a NuScale iPWR will be dominated
by steel from the pressure and containment vessels (Fig. 2) that
will become contaminated by radionuclides carried by water in
the primary coolant and the reactor pool. Ultimately, the
iPWR pressure and containment vessels will generate 17 and
43 m3 of short-lived decommissioning LILW, respectively,
equivalent to 6.9 m3/GWth-y (SI Appendix, Table S3). This
neglects the iPWR internal components (e.g., the steam generators) and contributions from structural materials in the
reactor–SNF pool and so, represents a lower-limit estimate.
Therefore, per energy equivalent, a 160-MWth iPWR will generate at least a twofold larger volume of short-lived decommissioning LILW than a 3,400-MWth PWR.
6 of 12

https://doi.org/10.1073/pnas.2111833119

Thermalspectrum molten salt reactor designs tend to employ graphite as
both a neutron moderator and reﬂector (Table 2). This graphite may occupy 60 to 80% of the core volume, the remainder
of which will be occupied by a liquid fuel–coolant salt that
ﬂows through hollow tubes in the graphite matrix, carrying
with it dissolved fuel isotopes and ﬁssion products (38). Graphite in the Oak Ridge Molten Salt Reactor Experiment (MSRE)
acquired surface contamination by Mo, Te, Ru, and Nb ﬁssion
products, whereas tritium, Cs, and Sr radioisotopes (generated
via decay of Xe and Kr ﬁssion products) diffused into the porous
structure of the graphite (39, 40). Whether and where this graphite has been disposed of are unclear, although the management
and disposal of graphite moderators recovered from Magnox and
Reaktor Bolsjoj Mosjnosti Kanalnyj (RBMK) reactors have been
complicated by the presence of both short- and long-lived isotopes—including tritium, 14C, corrosion/activation products, ﬁssion
products, and actinides (Table 2) (41).
Since graphite tends to expand and crack during prolonged
irradiation, its lifetime in an SMR will be limited (42).
Depending on the magnitude of its neutron ﬂux exposure,
graphite lifetimes for the molten salt SMR designs pursued
today will range from 2.5 to 30 y (39) (Table 1). Given a stated
lifetime of 7 y, the 400-MWth IMSR (Terrestrial Energy) will
discharge ∼13 m3/GWth-y of radioactive graphite that will
require geologic disposal (Fig. 1, Table 1, and SI Appendix,
section 2).
3.4.3. Liquid metal and salt coolants. When an LWR is decommissioned, many of the radionuclides in its cooling water (section 3.3.1) can be removed by ﬁlters and ion exchange resins
(43). However, storage, decontamination, and disposal of
radioactive sodium- and molten salt–based coolants will need
to account for their chemical complexity and tendency to generate explosive or corrosive by-products upon contact with air
or moisture.
At the experimental sodium-cooled fast reactors operated
during the late twentieth century, decommissioning was complicated by the large volumes of metallic sodium coolant that
became contaminated by a 22Na activation product and by Cs
isotopes leached from ruptured fuel elements (34). This pyrophoric sodium was deactivated through a pilot-scale waterbased process that was performed under an inert atmosphere to
prevent the explosion of a hydrogen by-product. Ultimately,
the sodium coolant generated several hundred cubic meters of
low-level radioactive waste (34). The 30-MWth Toshiba 4S
reactor might generate 115 m3/GWth-y of contaminated pyrophoric sodium coolant in need of treatment, conditioning, and
disposal (Fig. 1, Table 1, and SI Appendix, section 2).
3.4.2. Graphite moderators from molten salt reactors.

pnas.org

Similar decommissioning challenges can be anticipated for
molten salt reactors that utilize a liquid ﬂuoride–based fuel–coolant salt into which the ﬁssile isotopes are directly dissolved
(Table 1). This ﬂuoride salt readily reacts with water to form
corrosive hydroﬂuoric acid and becomes highly radioactive as
ﬁssion and activation products accumulate over the course of
operation. After the 8-MWth MSRE was shut down in 1969,
volatile UF6 complexes formed via radiolytic decomposition of
the solidiﬁed fuel salt that was stored on-site at Oak Ridge
National Laboratory. This presented a criticality risk that
prompted the removal of ﬁssile material from the solidiﬁed salt
mass (44), but the continued presence of highly radioactive
salt-soluble ﬁssion products has stymied further decommissioning. A report that the authors recovered through the Freedom
of Information Act indicates that the US Department of
Energy, rather than decommissioning and off-site disposal of
the salt and reactor components, may entomb this legacy waste
on-site (SI Appendix, section 3).
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4. Management and Disposal of SMR Waste
The excess volume of SMR wastes will bear chemical and
physical differences from PWR waste that will impact their
management and ﬁnal disposal. Although SMR developers
tend to describe their waste production in terms of HLW or
SNF mass and total radiotoxicity, repository design and
postclosure safety analysis depend more on the solubility, environmental mobility, and sorption properties of speciﬁc radionuclides and the decay power or heat generation rate of the
packaged wastes as well as the recriticality potential of the ﬁssile materials that they contain (45). These parameters correlate to the waste stream radiochemistry and bulk chemical
composition, which in turn, depend on the initial fuel composition and enrichment, discharge burnup, and in-core neutron
energy spectrum, which are different for SMRs than for
PWRs.

4.1. SNF Management and Disposal.
4.1.1. Fuel composition and durability.

PWRs utilize ∼5 wt
%–enriched 235U fuel bound in a durable (under reducing conditions) UO2 matrix contained within zirconium-clad fuel rods
and supported by steel assembly structures. Over the course of
irradiation, uranium atoms ﬁssion into a bimodal distribution
of lighter ﬁssion products and transmute into heavier transuranic elements, such as plutonium. LWR fuel irradiated to a
burnup of ∼50 MWd/kg contains ∼4 wt % ﬁssion products
and ∼1 wt % plutonium, although these concentrations
increase with the fuel burnup. In addition, the fuel cladding
and assembly structural materials contain activation products
formed through neutron absorption reactions.
The ﬁssion products dominate the radioactivity, dose risk, and
decay heat generation of newly discharged SNF, which is initially
stored in actively cooled water pools to inhibit the physiochemical
degradation of the fuel and cladding, otherwise driven by heat
and radiation (Fig. 3). Although ∼95% of this radioactivity decays
within a few decades, the ﬁssion product fraction consists of a
host of isotopes that show signiﬁcant variation in half-life and
chemistry and therefore, are relevant to repository design (section
4.1.3) and to long-term dose risk (section 4.1.2) in addition to
SNF storage and handling. Repository performance models indicate that long-lived geochemically mobile ﬁssion products,
although a small fraction of the long-term SNF radioactivity, can
deliver a signiﬁcant portion of the far-ﬁeld dose under several
repository failure scenarios (Fig. 3 and section 4.1.2) (46, 47).
The transuranic isotopes contain the bulk of the long-term
SNF radioactivity (Fig. 3) but form a relatively small number
of actinide elements, many of which are chemically bound in
the UO2+X fuel matrix (48, 49). Therefore, the long-term
chemical behavior of SNF in a geologic repository will be
roughly analogous to that of crystalline UO2 (50). The solubility of uranium with respect to crystalline UO2 in pure
pH-neutral water is very low, <109 M, although this increases
to ∼107 M in the presence of dissolved oxygen (50–52).

Fig. 3. Temporal evolution of radioactivity in LWR fuel by contribution from ﬁssion products, actinides, and daughters in the uranium series (Left) as
compared with calculated future doses under the two different scenarios of repository failure after 10,000 y (Right). Adapted from refs. 46 and 47.
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Non-LWR SMRs will generate a similar array of radioisotopes for disposal but will employ fuels with markedly different
bulk chemistries. Lacking fuel cladding, the liquid fuel envisioned for molten salt reactors will release gaseous ﬁssion products—including isotopes of Xe that decay to high-activity or
long-lived isotopes of Cs—to an off-gas system, forming an
HLW stream (8, 53). Noble metal ﬁssion products, on the
other hand, will precipitate throughout the reactor structures
(section 3.3.2). Nevertheless, the molten fuel salt will retain the
salt-soluble ﬁssion products and actinides that, eventually, will
solidify into a mass of nominal UF4. In pure water, crystalline
UF4 readily hydrates to a UF42.5H2O phase that, compared
with uranium-oxide, is orders of magnitude more soluble
(104 M) (54). In water that contains dissolved oxygen, the
reaction of crystalline UF4 produces corrosive, hydroﬂuoric
acid (55). This unfavorable chemistry formed the basis of a US
Department of Energy (DOE) decision to convert depleted
uranium, stored as UF6, to a more stable uranium-oxide rather
than dispose of the material as crystalline UF4 (56).
Sodium-cooled SMR designs employ a solid fuel, although
for many of the designs listed in Table 1, this is envisioned to
consist of stainless steel–clad uranium metal and elemental
sodium, both of which classify as pyrophoric. Citing the failure
of this type of fuel to meet the waste acceptance criteria for a
geologic repository, the US DOE has decided to convert the
SNF discharged by previous experimental sodium reactors to a
more stable chemical form (8).
Due to their high chemical reactivities, these SMR fuels
will need to be processed into a waste form that is suitable for
geologic disposal, an objective that the US DOE has suggested
might be met using pyroprocessing technology (8). SNF
reprocessing facilities generate additional long- and short-lived
technological, structural, process, and decommissioning wastes
(57). Furthermore, before disposal in a geologic repository,
the separated radionuclide streams should be solidiﬁed in a
durable matrix, such as a radiation-resistant ceramic waste
form (58). Although limited data are available to quantify the
waste consequences associated with reprocessing and conditioning facilities, the following sections describe the implications for disposal of actinide- and ﬁssion product–containing
SMR fuel.
4.1.2. Ingestion radiotoxicity vs. repository far-field dose. Reactor developers sometimes compare the waste burden of different
reactors and fuel cycles against the total “ingestion radiotoxicity” of their SNF or HLW. This metric, calculated in
Sievert units, reﬂects the theoretical dose consequence of ingesting a particle of SNF or HLW, including all radionuclides present in the waste at a particular point in time (59). In the ﬁrst
∼100 y postirradiation, the total radiotoxicity of LWR fuel is
dominated by short-lived ﬁssion products, whereas 239Pu and
240
Pu dominate the long-term SNF radiotoxicity (between 1,000
and 100,000 y postdischarge) (SI Appendix, section 2) (47).
Since the fraction of ﬁssion products in SNF is linearly proportional to the fuel burnup, the energy-equivalent ﬁssion
product radiotoxicity is similar for low– and high–burnup
SNF. However, low–burnup SNF contains a higher energyequivalent concentration of 239Pu and 240Pu, so the radiotoxicity of iPWR SNF (burnup of 33 MWd/kg) is ∼50% higher
than that of a PWR (burnup of 50 MWd/kg) at 10,000 y postdischarge (Fig. 4 and SI Appendix, section 2). A similar inverse
relation between long-term actinide radiotoxicity and reactor
size/burnup will prevail among small non-LWR SMRs, including
thermal-spectrum molten salt reactors and sodium fast reactors
(60). Fast reactors breed more plutonium than do thermal-spectrum
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reactors, so the SNF discharged by fast-spectrum SMRs will have
a higher energy-equivalent long-term radiotoxicity than thermalspectrum reactors (SI Appendix, section 2) (61). Overall, SMRs
will lead to an increase in long-term SNF ingestion radiotoxicity
(Fig. 4).
This metric, however, provides little insight into future doses
from a geologic repository, where various geochemical processes,
complemented by multiple engineered barriers, can limit radionuclide transport from the repository to the surface ecosystem
(47). Since many of the actinides are chemically incorporated
into the insoluble UO2+x fuel matrix, future releases of the
most long-lived and radiotoxic SNF constituents will be low if
disposed of in a repository sited in a favorable hydrogeochemical
environment. Low-redox conditions are essential to the inhibition of SNF dissolution, as are pH, salinity, and bicarbonate
concentrations (49, 50). Hydrology, including hydraulic head,
fracture frequency, and matrix permeability, is important to
limiting radionuclide advection rates and temporal variations in
geochemistry. Hydrogeochemical conditions are highly site speciﬁc but in general, are most favorable at depths of a few hundred meters below Earth’s surface. If in the future, groundwater
chemistry changes to a composition that destabilizes UO2+X,
then many radionuclides will partition onto mineral surfaces
through coprecipitation, adsorption, and ion exchange processes. This will further limit far-ﬁeld radionuclide advection
and consequent biological exposures (48, 49, 61).

SNF Volume
1000

100
Radiotoxicity
(at 10 ky)

Long-lived
LILW volume

10
1
0.1

Fissile
Density

Short-lived
LILW volume
PWR

iPWR

IMSR

4S

Decay heat
(at 100 y)
Fig. 4. “Radar” chart comparing waste calculation results for various SMRs
normalized against respective results for a 3,400-MWth PWR displayed on a
logarithmic axis. “SNF Volume” reﬂects the entire volume of the active core
as divided by the total thermal energy produced during one fuel cycle. For
the IMSR, the ﬂuoride-based fuel–coolant salt factors into this volume.
Short-lived LILW for the IMSR and 4S reactors includes the graphite moderator and sodium coolant, whereas activated reﬂectors and shielding
materials from the 4S reactor are categorized as long-lived LILW. Decay
heat and radiotoxicity are shown at 100 and 10,000 y, respectively, similar to the timing of peak buffer temperature and canister failure under
an accelerated corrosion scenario for a repository in crystalline rock. Categorizations and calculations are further explained in section 4 and SI
Appendix, section 3.
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Accounting for the geochemical mobility of the various radionuclides in SNF, repository evolution models typically attribute
most of the dose consequence of a failed SNF canister to longlived and geochemically mobile ﬁssion and activation products,
namely 59Ni, 129I, 79Se, 36Cl, and 14C (Fig. 3) (48, 62). In general, these travel as negatively charged chemical species that do not
adsorb onto mineral surfaces that are positively charged, a process
that would otherwise slow their transport. In addition, the 226Ra
progeny of 238U in the SNF may present a far-ﬁeld exposure risk
for repositories constructed in low-redox, fractured crystalline bedrock environments, although exposures will be lower than those
associated with natural 226Ra in these environments (48).
Since the energy-equivalent activities of ﬁssion and activation
products are similar for low– and high–burnup SNF, SMR fuel
may not signiﬁcantly increase the future exposure risks unless
the SNF packaging (section 4.1.4) and site selection plans
neglect the differences in actinide contents. For instance, the
performance assessment for a proposed repository sited in a
seismically active and geochemically oxidizing environment
(Yucca Mountain, NV) did attribute much of the long-term
dose to 239Pu, 242Pu, and 237Np (63). At the Yucca Mountain
site, UO2+x and its actinide constituents are relatively soluble,
so the dose consequence of SMR fuel disposal would be higher
than that of LWR fuel due to relatively high 239Pu and 240Pu
contents in low–burnup fuel.
4.1.3. SNF/HLW thermal load and repository size. After SNF is
discharged from a reactor, decaying radionuclides in the fuel
emit alpha, beta, and gamma radiation that is absorbed into
nearby materials and converted to heat. To preserve the thermal
hydraulic, mechanical, and chemical integrity of the repository
system, the capacity and spacing of SNF disposal canisters will
be conﬁgured to dissipate decay heat. Most repositories are
designed to maintain temperatures less than 100 °C in the engineered barrier system. Yucca Mountain, however, was designed
as a “hot” repository, wherein the temperature of groundwater
would exceed the boiling point for a few hundred years postclosure. Consequently, repository dimensions—along with the
associated packaging and excavation costs—are, in part,
governed by decay heat rather than by waste volume (64, 65).
The duration of interim storage is factored into repository
dimension calculations because the SNF decay power decreases
over time. The predominant source of decay heat evolves from
the ﬁssion products 137Cs and 90Sr and their 137mBa and 90Y
daughters at 10 to 100 y postdischarge to 241Am and 238Pu at
100 to 1,000 y postdischarge (46). In a repository that will accept
SNF/HLW aged 20 to 60 y, near-ﬁeld temperatures will peak at
∼10 y postclosure. Therefore, ﬁssion product decay heat imposes
a signiﬁcant constraint on repository dimensions (46, 66).
In a thermal-spectrum reactor, the energy-equivalent concentration of 238Pu increases with fuel burnup. Thus, for up to
100 y postdischarge, the energy-equivalent decay power is
∼30% higher for 50-MWd/kg burnup than for 33-MWd/kg
SNF burnup (Fig. 4 and SI Appendix, section 2). The thermal
character of low–burnup SNF implies that, despite the
increased volumes associated with SMRs, their impact on the
dimensions of an SNF repository may be small.
Models indicate that at 100 y postdischarge, the thermal output of SNF generated by a plutonium-fueled fast SMR (similar to
the Toshiba 4S design) will be ∼50% higher than the energyequivalent PWR fuel (Fig. 4 and SI Appendix, section 2). Thermal
data for uranium-fueled fast SMRs are scarce, although large
sodium-cooled fast reactors (Table 1) are said to ﬁssion minor
actinides, like 241Am and 238Pu, more efﬁciently than thermalspectrum LWRs and molten salt reactors (61). However, the
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persistence of short- and long-lived ﬁssion products in these fuel
cycles will limit their theoretical beneﬁt for repository dimensions.
HLW streams that predominately consist of ﬁssion products, typically conditioned into borosilicate glass, may require a repository
up to 50% as large as a repository for LWR SNF (58). Since
repository excavation and backﬁll account for only ∼10% of the
cost of a decommissioning and SNF disposal program (66), a fuel
cycle that seeks to reprocess Pu will not signiﬁcantly reduce
nuclear waste management and disposal costs.
4.1.4. Fissile isotopes and recriticality. As a primary safety objective, SNF should be stored and disposed of in a subcritical
conﬁguration to inhibit its ability to sustain a ﬁssion chain reaction. Since the critical mass of water-moderated UO2 decreases
exponentially if its ﬁssile isotope concentration increases from 1
to 5% (ﬁgure 8 in ref. 67), the mass of SNF that can be loaded
into a disposal package is limited by the concentration of ﬁssile
235
U, 239Pu, and 241Pu in the SNF. In LWR SNF, the net concentration of these isotopes correlates positively to initial fuel
enrichment and negatively to ﬁnal burnup. Calculations performed to assess long-term criticality safety for several geologic
repository designs indicate that fresh 5 wt % 235U–enriched
PWR fuel should be irradiated to a burnup >39 MWd/kg to
maintain subcritical conditions in canisters loaded with four or
more PWR assemblies (68–70).
Since iPWRs will irradiate 5 wt % 235U–enriched fuel to a
burnup of <34 MWd/kg, iPWR SNF will not meet the criticality safety standards for existing repository designs (71–75)
(Fig. 5 and SI Appendix, section 2). Likewise, sodium-cooled
SMR designs, which call for irradiation of fresh fuel with
≫10 wt % 235U or 239Pu to burnups ranging from 10 to
100 MWd/kg, will generate SNF with high ﬁssile isotope concentrations (Fig. 5, Table 1, and SI Appendix, section 2).
Quoted fuel enrichments and burnups for molten salt SMR
Toshiba 4S
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18% / 34
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Fig. 5. Concentration of ﬁssile isotopes in SNF (“Fissile concentration”) vs.
mass of fuel in each assembly (“Mass uranium”) for various reactors plotted
alongside a criticality curve generated from the data of refs. 67, 72, and 73 to
illustrate the sensitivity of SNF canister loading to the ﬁssile isotope composition of the SNF. Inset shows enlargement of clustered points, labelled according to reactor-type and the associated initial fuel enrichment and burnup. Derivation of ﬁssile concentration is explained in SI Appendix, section 2 or
obtained from refs. 74 and 75. The molten salt SMR designs studied here contain several to tens of metric tons of uranium or thorium fuel that is not
bound within structural assemblies and so, are here assigned an assembly
mass similar to a PWR. "GE-PRISM" refers to the Power Reactor Innovative
Small Module design by GE Hitachi Nuclear Energy.
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designs are more variable, and published depletion models that
estimate the ﬁssile isotope composition of the SNF are scarce.
Therefore, we assumed that the isotopic evolutions of fuel in an
LWR and a molten salt reactor are similar because both reactors
operate under the thermal neutron spectrum. Under this
assumption, SNF generated by the Terrestrial Energy IMSR400, which calls for 3 wt % 235U–enriched fuel irradiated to a
burnup of 14 MWd/kg, will contain 2.1 wt % 235U + 239Pu.
Like that generated by the NuScale iPWR (2.3 wt %) and the
Toshiba 4S SMR (17 wt %), this contains ﬁssile isotopes in
higher concentrations than the SNF generated by a PWR (1.3
wt %) (Fig. 4 and SI Appendix, section 2). The case is likely
similar for many of the SMR designs listed in Table 1, considering the quoted fuel enrichments and burnups.
In general, for a given SNF composition, each canister should
contain a subcritical mass of SNF. However, critical masses are
very small for materials containing more than a few weight percent ﬁssile isotopes. Whereas a critical mass of PWR SNF is
>1,000 kg, critical masses for iPWR and sodium-cooled SMR
SNF are only ∼200 and <10 kg, respectively (Fig. 5). Recriticality boundaries and management processes are rarely assessed for
unconventional SNF types with elevated ﬁssile isotope concentrations. However, Hicks and Baldwin (71) indicate that SNF from
the UK Prototype Fast Reactor would pose a recriticality risk
even if disposal canister capacities were limited to a single SNF
assembly (burnup of 190 MWd/kg, initial/ﬁnal 239Pu concentrations of 30/15 wt %). Therefore, novel approaches to canister
design and loading will need to be developed for the SMR
designs analyzed here and listed in Table 1.
Canisters designed to accommodate the existing PWR SNF
inventory have a capacity of four or more assemblies per canister, whereas canisters for iPWR and sodium-cooled SMR SNF
might accommodate only one assembly or a fractional assembly, respectively.
Molten salt reactor SNF packaging will likewise deviate from
the existing concepts. Vendors typically suggest that the spent
liquid fuel salt remains inside the reactor vessels while it solidiﬁes. However, the recriticality incident that almost occurred at
the shutdown MSRE as a result of formation and migration of
volatile actinide–ﬂuoride complexes (section 3.4.3) (45) illustrates the need to process the actinides in this salt mass, including the ﬁssile 235U, 239Pu, and/or 233U, into a more stable
ceramic waste form. Although the DOE eventually accomplished this through a pilot-scale ﬂuoride volatility treatment,
no methods to segment and package the remainder of the ﬁssion product–containing MSRE salt mass have been developed,
as illustrated by the DOE preference to entomb the MSRE
on-site at Oak Ridge National Laboratory (section 3.4.3 and SI
Appendix, section 3).
The need for SNF segmentation and/or a larger number of
disposal canisters and associated packaging operations support
the notion that the back end of SMR fuel cycles, as discussed
in section 3, entails increased handling of radiologic and ﬁssile
material. These packaging challenges will be compounded by
the relatively large, energy-equivalent volumes of SMR SNF
(sections 1 and 3.2) and will introduce costs and radiation
exposure risks to the nuclear fuel cycle.
SMRs will generate
larger, energy-equivalent volumes of LILW than a PWR (Fig. 1
and sections 3.3 and 3.4). Some of this waste may be suited
for disposal in a near-surface, short-lived LILW repository
(<30-m deep) (7). However, neutron-activated, long-lived LILW

4.2. LILW Management and Disposal.

10 of 12

https://doi.org/10.1073/pnas.2111833119

is more complicated to manage because radiation exposures must
be mitigated on both operational and geologic timescales.
Due in part to the need to limit worker exposures to the
radiation emanating from activated LWR components, especially that emitted by the 60Co (t1/2 = 5.3 y) activation product
of steel (76), decommissioning represents ∼20% of LWR waste
management and disposal costs (67). Since SMRs will generate
>10-fold more neutron-activated steel than the energyequivalent LWR and will introduce the need to chemically treat
radioactive sodium and molten salt coolants, they may signiﬁcantly increase the costs and exposure risks associated with
nuclear decommissioning.
After 60Co has decayed, activities of long-lived 59Ni, 63Ni,
14
C, 94Nb, and 93Mo will remain sufﬁciently high to warrant
the geologic disposal of activated LWR components (Table 2)
(77). Nickel isotopes are soluble under acidic conditions (78),
so cementitious barrier materials are employed in LILW repositories to impose alkaline conditions (79) that limit nickel dissolution in the repository groundwater (80). More mobile than
nickel, models suggest that 14C and 93Mo will be the dominant contributors to future doses from a repository for activated decommissioning waste (81). Activated SMR and LWR
steel will bear similar radiochemical compositions, so 14C and
93
Mo may dominate future doses from SMR waste repositories, although such doses, like the energy-equivalent radionuclide inventory, may be higher for SMR wastes. Since few
studies focused on constraining the radionuclide inventories
of irradiated graphite, molten salt, and sodium are available,
the future dose consequence for these waste streams remains
unclear.
5. Conclusions
This analysis of three distinct SMR designs shows that, relative
to a gigawatt-scale PWR, these reactors will increase the energyequivalent volumes of SNF, long-lived LILW, and short-lived
LILW by factors of up to 5.5, 30, and 35, respectively. These
ﬁndings stand in contrast to the waste reduction beneﬁts that
advocates have claimed for advanced nuclear technologies.
More importantly, SMR waste streams will bear signiﬁcant
(radio-)chemical differences from those of existing reactors.
Molten salt– and sodium-cooled SMRs will use highly corrosive
and pyrophoric fuels and coolants that, following irradiation,
will become highly radioactive. Relatively high concentrations
of 239Pu and 235U in low–burnup SMR SNF will render recriticality a signiﬁcant risk for these chemically unstable waste
streams.
SMR waste streams that are susceptible to exothermic chemical reactions or nuclear criticality when in contact with water
or other repository materials are unsuitable for direct geologic
disposal. Hence, the large volumes of reactive SMR waste will
need to be treated, conditioned, and appropriately packaged
prior to geological disposal. These processes will introduce signiﬁcant costs—and likely, radiation exposure and ﬁssile material proliferation pathways—to the back end of the nuclear fuel
cycle and entail no apparent beneﬁt for long-term safety.
Although we have analyzed only three of the dozens of
proposed SMR designs, these ﬁndings are driven by the basic
physical reality that, relative to a larger reactor with a similar
design and fuel cycle, neutron leakage will be enhanced in the
SMR core. Therefore, most SMR designs entail a signiﬁcant
net disadvantage for nuclear waste disposal activities. Given
that SMRs are incompatible with existing nuclear waste disposal technologies and concepts, future studies should address
pnas.org

whether safe interim storage of reactive SMR waste streams is
credible in the context of a continued delay in the development
of a geologic repository in the United States.
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