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Abstract
Molten salt reactors (MSRs) are a promising advanced reactor technology due in part to
their passive safety features, low operating pressures, and chemically inert operating fluids.
Despite these benefits, there are potential challenges associated with large tritium generation
rates in MSRs utilizing salts containing lithium and/or beryllium, either as a fuel-salt or
coolant-salt. This work explores tritium behavior in MSR systems, including production
pathways, transport and retention phenomena, and methods for control and removal.
Experience in tritium management from the operation of the Molten Salt Reactor
Experiment is also reviewed. A survey of available capabilities for the modeling of tritium
behavior in MSR systems is provided, with a preliminary assessment of potential gaps.
Lastly, an evaluation of the current U.S. regulatory structure concerning tritium
management is performed to assess its applicability and adequacy for future MSR license
applications.

Paperwork Reduction Act Statement
This report does not contain information collection requirements and, therefore, is not subject to
the requirements of the Paperwork Reduction Act of 1995 (44 United States Code [U.S.C.] 3501
et seq.).
Public Protection Notification
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1. Introduction
Reasonable assurance of adequate protection of the public and environment is central to the
mission of the U.S. Nuclear Regulatory Commission (NRC). In practice, this oversight role
focuses on the potential release of radionuclides from nuclear facilities to the environment.
Of those radionuclides produced or utilized at nuclear facilities, the assessment of the
release of radioactive tritium has been of high regulatory importance due to its migratory
properties and environmental transport pathways. As non-light water reactors (non-LWRs)
now enter the U.S. reactor licensing process, it is imperative to understand the similarities
and differences in tritium production and behavior when compared to the current operating
fleet.
1.1 Project Objectives
The purpose of this project is to assist the NRC in expanding the capacity and capabilities for the
licensing of non-LWRs by developing the necessary knowledge base and skill set for the
assessment of tritium in molten salt reactors1 (MSRs). Several high-level objectives have been
identified to facilitate achieving the project goal, including the following:
•

Technical assessment of tritium behavior in MSRs:
o Location and pathways of tritium generation
o Tritium transport and retention phenomena
o Barriers to tritium release and mechanisms for tritium control
o Applicable experience and existing data on tritium behavior and control
o Available modeling and simulation tools

•

Regulatory considerations:
o Applicability of current regulations
o Associated limits and constraints on tritium handling and release
o Areas of consideration during NRC review of MSR licensing applications
o Assessment of the adequacy of the current regulation and guidance

Based on these objectives, the current report has been structured as follows. The remainder of
Section 1 includes background information on tritium and its properties. Section 2 provides an
overview of tritium generation, transport, and control in MSRs. Section 3 summarizes U.S.
experience with the Molten Salt Reactor Experiment (MSRE). An assessment of the current
landscape of modeling and simulation tools is provided in Section 4. Regulatory considerations
are reviewed in Section 5, with a summary of project findings in Section 6.

1 As will be detailed in Section 2, MSR is used in this document as a generic term that includes both salt-fueled and

salt-cooled reactors.
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1.2 Background on Tritium
Tritium (3H or T) is a radioactive isotope of hydrogen2. Tritium occurs naturally when highenergy cosmic rays interact with the atmosphere and is therefore found in very small amounts in
the environment, such as in natural water. Environmental tritium is also the result of nuclear
weapons tests and effluents of nuclear reactors. Tritium is a very low energy beta emitter
(maximum of ~18 keV with an average of ~6 keV [1]) with a half-life of 12.3 years.
As the beta emissions of tritium are of insufficient energy to penetrate the skin3, internal
exposure pathways are the main concern for human health. Chemically identical to common 1H,
tritium in the environment will combine with oxygen to form tritiated water (HTO) or be
incorporated into nutrients within living matter as organically bound tritium (OBT), where they
take the place of 1H within the chemical bonds. As shown in Figure 1, once in the environment,
there are multiple avenues for tritium uptake by living organisms. This includes direct inhalation
or ingestion but also indirect pathways, such as consuming crops and animal products that
contain HTO or OBT.

Figure 1: Tritium Environmental Pathways4 [4]
2 In this work, 3H is used to refer to tritium within chemical equations. Elsewhere, the notation T is utilized.
3 Tritium beta particles have an average track length of 0.56 μm in water, with a maximum penetration of 6.0 μm in

tissue [2]. In comparison, the depth of cells in the skin is greater than 30 μm [3].
4 Image courtesy of the Canadian Nuclear Safety Commission (CNSC) [4].
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In general, ingestion of HTO/OBT is of greater health concern than the inhalation of gaseous HT
(commonly referred to as tritium gas or tritiated gas) or T2. HT/T2 is only weakly absorbed into
the bloodstream when inhaled, with less than 0.005% of absorbed HT/T2 being oxidized and
retained within the body as HTO. The remaining HT/T2 is quickly exhaled from the body with
other gaseous waste products, such as carbon dioxide [5].
Various models exist for the dose impact of ingested HTO/OBT5. HTO is readily taken by the
body, as it is chemically identical to water, and quickly disperses in the body within hours. It is
typically assumed that 97% of the HTO is eliminated with a biological half-life of approximately
10 days, identical to that of ingested water [7]. The remaining 3% is assumed to become
organically bound within the body, with a biological half-life of approximately 40 days, identical
to the value used for carbon. OBT has the highest potential dose consequence, as it is typically
assumed that only 50% is eliminated as water with a 10-day half-life, with 50% becoming
organically bound with a 40-day half-life [7].

5 See Section 2.2.2 of ref [6] for a detailed review of available models.
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2. MSR Tritium Phenomena
This section provides an overview of tritium phenomena in MSRs. This begins with a review of
tritium generation in subsection 2.1, followed by an examination of tritium transport and
retention characteristics, such as chemical forms, permeability, and barriers to release in
subsection 2.2. Subsection 2.3 provides a description of potential tritium control systems and
strategies.
2.1 Generation
The generation of tritium in MSRs depends heavily on several reactor design choices. Therefore,
this subsection begins with a review of potential MSR designs and their characteristics. This is
followed by a description of the sources of tritium and a comparison of tritium production rates
for different reactor types.
2.1.1 MSR Designs

Figure 2 provides an overview of the MSR landscape that illustrates the terminology used in the
current work, although the spectrum of potential MSR designs can be organized in different
ways. At a high level, MSRs can be differentiated by the chosen fuel form. Salt-fueled MSRs
contain the primary fissile/fertile material as part of the circulating molten salt, while salt-cooled
(or coolant salt) MSRs utilize a solid fuel that is separate from the molten salt coolant. Solid
fuels may be stationary, such as in prismatic assemblies, or mobile, as with a TRISO pebble
circulation system. Hybrid approaches have also been proposed, which utilize a stationary fuelsalt in vented assemblies within a flowing coolant salt [8].

Figure 2: Categorization of Common MSR Designs

When it comes to the choice of molten salt for both salt-fueled and salt-cooled reactors, fluoride
and chloride salts are preferred over other alternative salts, such as oxides, carbonates, nitrates.
This is due to their neutronic properties, superior compatibility with structural materials, ability
to dissolve fissile/fertile materials (for fuel-salts), radiation stability, and favorable
thermophysical properties [9]. Table 1 providing basic attributes of some of the common salt
options. Any of the salts listed in the table could be utilized as either a coolant-salt or fuel-salt,
but in practice the compositions of fuel-salts are tailored to optimize the mixture melting point
and solubility of the fissile and fertile materials.
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Table 1: Common MSR Salts and Basic Properties6 [10, 11]
Salt (mole fraction)
LiF-BeF2 (FLiBe) (67-33)
LiF-NaF-KF (FLiNaK) (46.5-11.5-42)
NaF-ZrF4 (59.5-40.5)
LiF-ZrF4 (51-49)
NaCl-MgCl2 (68-42)

!!"#$
(ºC)

!%&'#
(ºC)

"a
(g/cm3)

" ∗ $( a
(cal/cm3-ºC)

459
454
500
509
445

1430
1570
1350

1.94
2.02
3.03
3.09
1.94

1.12
0.91
0.84

b

1465

b

0.50

a

At 700ºC temperature.
b
Data gap.

Both fast and thermal neutron spectrum MSR designs are possible, with fluoride salts more
common for thermal designs (as either a coolant-salt or fuel-salt), while chloride salts are the
preferred choice for fast reactor designs due to their considerably smaller moderating impact.
However, fast fluoride salt MSRs have also been proposed [12]. The fluoride-salt-cooled hightemperature reactor (FHR) is one version of a thermal, salt-cooled MSR that can utilize either
prismatic or pebble bed fuel. The MSRE built at Oak Ridge National Laboratory (ORNL), and
discussed in Section 3, is an example of a thermal, fluoride salt-fueled MSR. Concepts for a fast,
chloride salt-fueled MSR have long been proposed [13], with renewed interest recently [14].
Additional detail on potential design configurations, including loop layout and power conversion
systems, will be provided in subsection 2.2.2.
2.1.2 Tritium Sources

The chosen salt is a key factor in the production of tritium within an MSR design. While all
nuclear reactors generate tritium due to ternary fission7, the presence of other materials within
the reactor system can have a significant impact on tritium generation rates. For example, in
CANDU heavy-water reactors (HWRs), the deuterium within the moderator can be converted to
tritium through neutron capture, as depicted in Eq 1. The presence of 10B in the coolant system in
pressurized water reactors (PWRs) and the control blades of boiling water reactors (BWRs) also
results in the production of tritium through neutron capture, as shown in Eq 2.
+
-.

% + ' → *%

Eq. 1

* + ' → 2 ,%, + *%

Eq. 2

For MSRs, the primary tritium generation pathway is through interactions with lithium, which is
found in many fluoride MSR coolant options, as highlighted previously in Table 1, due to its
favorable moderating properties. Tritium is produced by neutron interactions with both 6Li and
7
Li, as shown in Eqs 3 and 4. It is also possible to form tritium through neutron interaction with
19
F itself, as shown in Eq 5. The major difference is the relevant cross sections for these
reactions. As shown in Figure 3, the 6Li interaction cross section is substantial, especially at
6 Information on other salt options can be found in ref [10].
7 Ternary fission is a nuclear fission that produces three charged products, rather than the typical two, with tritium as a

possible product. Less than 0.5% of total fissions in nuclear reactors are ternary fissions, with tritium-producing
ternary fissions occurring approximately 1 in 10,000 fissions [15].
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thermal neutron energy levels. The cross sections of the other tritium-producing reactions (Eqs 4
and 5) becomes comparable only in the fast neutron energy region.
/

1

-. + ' → ,%, + *%

-. + ' → /
-2

,

%, + *% + '
0
0%, + *%

1+' →

-1

2 + *%

Eq. 3
Eq. 4

Eq. 5

Figure 3: Relevant Cross Sections for Tritium Production in MSRs8 [16]

Natural lithium is approximately 92.4% 7Li and 7.6% 6Li. To help reduce tritium production,
lithium enrichment is typically utilized to decrease the percentage of 6Li, with concentrations of
99.995% 7Li typical for most proposed MSR designs. Even at these low concentrations (50
ppm), tritium production can be significant, as will be shown in the following subsection.
During the early years of operation of an MSR using a lithium-containing salt, the residual 6Li in
the salt will be consumed by neutron interactions. However, both 7Li and 6Li are created through
neutron interactions with beryllium, which is present in some of the potential salt choices. These
reactions are shown in Eqs 6 and 7, with cross sections also presented in Figure 3. Therefore,
although the initial inventory of 6Li may be consumed early in the reactor lifetime, a long-term
equilibrium will be created between 6Li creation through 9Be reactions and the conversion of 6Li
to tritium. Hence, the choice of a lithium- or beryllium-containing salt, which are commonly
selected for their moderating capabilities, is a key factor in the potential for large tritium
generation rates in MSR designs.
8 Reproduced with permission of the Massachusetts Institute of Technology.
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2

*, + ' → *% + 1-.

2
/

*, + ' → ,%, + /%,

Eq. 6
Eq. 7

%, (4-/+ = 0.8 s) → /-. + ;4 + <̅5

Further lithium enrichment has been discussed as an avenue to eliminate the 6Li reaction that is
the primary tritium producer. This presents a procurement challenge, as there is currently no
commercial supply of enriched lithium available even at the 99.995% enrichment level [16].
Higher enrichment levels become increasingly cost prohibitive. In addition, further enrichment
would only remove the initial loading of 6Li in the salt but would not address the creation of 6Li
through neutron interaction with 9Be in the system, if present.
2.1.3 Production Rates

Table 2 provides a list of typical tritium production rates and locations in PWRs, BWRs, and
HWRs such as CANDUs. For comparison, two MSR concepts are also included:
•

Molten Salt Breeder Reactor (MSBR): A 1000MWe, FLiBe salt-fueled MSR concept
studied extensively by ORNL in the 1970s following the operation of MSRE [17].

•

Pebble-Bed Fluoride Salt-Cooled High-Temperature Reactor (PB-FHR): A solid
fuel, FLiBe salt-cooled FHR design developed by the University of California-Berkeley,
which serves as the basis for much recent FHR research [18].

For PWRs, BWRs, and HWRs, the tritium produced by ternary fission is contained within the
fuel elements with limited release. The use of borated water in PWRs results in an appreciable
tritium inventory within the circulating coolant, unlike BWRs where the tritium created from
boron interactions is contained within the control blades. The presence of deuterated water in
HWRs results in considerable tritium production within the moderator in the form of tritiated
heavy water (DTO).
Table 2: Comparison of Tritium Production by Reactor Type
Normalized Tritium Production Rate
Reactor Type
(Ci/GWe/yr)a
[source]
Fuel
Coolant
Moderator
Control Elements
PWR [15, 19-21]
11,000 – 25,000
300 – 1,000
1,000
b
BWR [15, 19-21]
11,000 – 25,000
3,000 – 5,000
HWR [19, 21, 22]
14,000 – 20,000
50,000
600,000 – 2,400,000
1,000
b
b
MSBR [23]c,d
730,000
b
b
b
PB-FHR [24]c,d
2,100,000/720,000e
a

Unit is curies of tritium produced per GWe during an approximate operating year (see note d).
Neglible or unknown.
c 7
Li enrichment of ~99.995%.
d
Assuming 300 full-power days per year.
e
Beginning of life/steady-state.
b

In contrast, for MSRs utilizing a Li/Be-containing salt, tritium production can be comparable, or
potentially exceed, HWR values on a per GWe basis. This is particularly true early in operation,
7

while the existing 6Li inventory within the salt is being consumed. As an example, Stempien [24]
examined the tritium production rate in the conceptual PB-FHR design with varying levels of
lithium enrichment in FLiBe. The results, shown in Figure 4, highlight the elevated tritium
production levels early in reactor operation. In addition, regardless of lithium enrichment level, a
steady-state tritium generation rate is achieved due to 6Li production from beryllium. For
comparison, a salt containing beryllium but no lithium (NaF-BeF2) is also provided.

Figure 4: Tritium Production Rates in Example PB-FHR as a Function of EFPY9 [24]

There are two major differences with the tritium generated by lithium interactions in MSRs
compared to tritium production in commercial water reactors. First, in MSRs the tritium from
lithium interactions is born within the flowing coolant and is not retained within fuel elements or
control elements, as is the case for ternary fission in all water reactors and 10B reactions in
BWRs/HWRs. Second, as will be discussed in detail in Section 2.2, the chemical form of tritium
is an important factor in determining its transport properties. Although HWRs produce tritium in
similar quantities to the selected MSR concepts, tritium generation in HWRs occurs primarily
within the moderator (the heavy water) and forms tritiated heavy water, which has limited
mobility. Within a Li/Be-salt MSR, the tritium chemical form has the potential to be highly
permeable and mobile.

9 EFPY - Effective Full Power Years. The values for 99.995% Li-7 enrichment serve as the basis for the PB-FHR tritium

production rates provided in Table 2. Reproduced with permission of the Massachusetts Institute of Technology.
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2.2 Transport and Retention
Within an MSR system, the behavior of tritium depends on several key factors, including the
chemical form of the tritium within the system and the plant design characteristics, such as salt
selection, number of loops, power conversion system, and applicable tritium barriers and
removal systems.
2.2.1 Chemical Form and Corrosion Considerations

Although the chemical form of tritium is of primary importance to determining its transport
properties within an MSR, there are potentially competing operational concerns regarding the
treatment of tritium-containing compounds within the molten salt. As described in subsection
2.1.2, the primary source of tritium in fluoride-salt MSRs is neutron interaction with 6Li in the
salt. This reaction leads to the creation of tritium ions (T+) within the salt, as shown in Figure 5.
Since the tritium is not contained within a fuel or control element, but within the salt itself, it is
free to transport to other locations in the primary system.

Figure 5: Tritium Generation and Chemical Forms

Unless there is an abundance of hydrogen in the salt10, the primary tritium chemical reaction will
be with F- in the salt to create tritium fluoride (TF) [26]. From a transport perspective, the TF
dissolved in the salt is far less permeable through metals than dissolved molecular forms of
hydrogen, such as H2, HT (hydrogen tritium), or T2 (tritium tritium) [27]. However, TF is highly
corrosive to structural materials, as it is chemically oxidizing in reactions with Cr, Fe, Mo, and
Ni [28]. Operationally, TF is likely the principle oxidant responsible for corrosion in fluoride-salt
MSRs and is of particular concern since the corrosion products, such as CrF2, are soluble in the
10 In the presence of excess hydrogen and a suitable fluorine (F-) potential, the creation of HT is possible [25]. Large

quantities of hydrogen could be present if a hydrogen purge gas or cover gas system is utilized, however, this is not
a common choice for MSR designs, as discussed in subsection 2.3.2.
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salt. This is unlike LWRs, where the production of corrosion products that are insoluble in water
results in the formation of a protective oxide coating on metallic structures, also called
passivation. Since the TF corrosion products in MSRs (metal fluorides) are soluble in the salt,
they may dissolve and expose the underlying metal to further corrosion [28].
As the direct removal of TF from the salt can be difficult to accomplish (as will be described in
subsection 2.3), corrosion is typically limited through management of the redox potential of
fluoride salts. “Redox” reactions are those where one species is reduced and the other is
oxidized. Here, oxidation does not strictly refer to interactions with oxygen but the loss of an
electron during the reaction. The corrosive reaction between TF and Cr in Eq 8 is an example of
a redox reaction, as Cr is oxidized and T is reduced.
2"# + &' ® &'#! + "!

Eq. 8

Unlike the passivation process that protects steels from aqueous corrosion, in molten salts, the
corrosion inhibition process involves lowering the redox potential to values at which corrosion
reactions are not thermodynamically favored. Therefore, corrosion inhibition must involve the
addition of reactive reductants that shift the equilibria of key redox reactions to favor the stability
of alloys in contact with the salt. The end result of these redox reactions, whether through
corrosion with structure or purposeful redox control in the salt, is the creation of molecular forms
of tritium, such as HT or T2, which has implications on the mobility of tritium in the system.
The redox potential of the salt can be controlled in multiple ways, with three demonstrated
approaches for redox control presented below. In each method, TF is reduced by a reaction
thermodynamically preferred to that of oxidation of structures11. Each of these methods has been
shown to effectively inhibit the dissolution of Cr, Ni and Fe from alloys used to contain molten
salts at operating temperatures [31]. The continuous formation of TF by 6Li neutron capture
(Figure 5) causes a continual increase in the redox potential of the salt during reactor operation.
Therefore, any redox control process must also be continuous and calibrated to counteract the
formation of oxidative species without over reducing the salt (i.e. driving UF3 to U metal in a
fuel-salt) [31].
•

Gas phase control: The addition of hydrogen gas as a reducing agent,

•

Major metal control: The dissolution or addition of sacrificial anodes, such as beryllium
metal in salts containing BeF2, as a reducing agent.

•

Dissolved salt control: The dissolution of UF3 or EuF2 as salt reducing agents in fluoride
fuel/coolant salts.

It has been demonstrated that gas phase control, through the addition of a favorable mixture of
HF/H2 to the salt, can establish redox conditions that inhibit corrosion at operational conditions
[32]. This method essentially shifts the TF/T2 equilibria to decrease the activity of TF and
increase HT/T2 in the salt. However, this approach may lead to heterogeneities in the molten salt
11 In terms of Gibbs Free Energy minimization. Refs [28-30] provide additional information on the thermodynamic

preference of typical MSR compounds.
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chemistry due to slow mass exchange between the gas phase HF/H2 and the salt solution.
Further, this method is less efficient than other alternatives and results in larger volumes of
combustible gases (e.g., HT/T2 and H2) that must be handled by the tritium processing systems
[31]. Therefore, redox control methods involving the addition of solid reductants is typically
favored.
With major metal control, solid metallic Be or Zr is added to the salt. These will reduce TF
according to Eq 9 in place of structural corrosion reactions [33]. However, care must be taken to
not introduce excess Be into the system, which can corrode graphite present in thermal MSR
designs [34].
2"# + () ® ()#! + "!

Eq. 9

In MSRE, which will be discussed in Section 3, dissolved salt control was demonstrated to
prevent corrosion using the redox couple of UF3/UF4 [35]. Moderate concentrations of UF3
counteract corrosion reactions by reducing TF through Eq 10, which is thermodynamically
favored over the key alloy corrosion reactions of concern with Cr and Ni [31].
"# + *#" ® *## + 0.5"!

Eq. 10

Maintaining the optimal UF3/UF4 ratio can be accomplished by the addition of a major element
such as Be for LiF-BeF2 fuel salts or by the direct addition of UF3 (i.e., dissolved salt redox
control). The europium fluoride redox couple EuF3/EuF2 has also been demonstrated as an
effective alternative for controlling the salt potential in salts that do not contain Be or U such as
LiF-CaF2 and LiF-NaF-KF [36]. This couple works in the same way as the UF4/UF3 couple, that
is, by preferentially reacting with TF to form HT/T2.
The challenges for all three of these redox control methods involve the need for regular additions
of the reductants during reactor operation, which will require real-time redox monitoring of the
salt. There also remain questions regarding the kinetics of some of the key redox transitions such
as UF3/UF4. Research is under way to address both of these issues (see ref [31]).
In summary, to prevent structural corrosion from occurring due to oxidizing reactions with TF,
redox controls reduce TF to molecular forms of hydrogen (HT or T2). While structures are
protected, a relatively immobile chemical form of tritium is converted into a highly mobile form.
This has significant impact on the behavior of tritium within the MSR system, as described in the
following section.
2.2.2 Barriers and Transport Pathways

There are multiple factors that can influence the transport and retention of tritium within a
fluoride-salt MSR system. These include the chemical form aspects of the preceding section, in
addition to material selection, system layout, and power conversion cycle. Since there are many
design options possible for an MSR containing a lithium- or beryllium-containing salt, a series of
notational diagrams have been developed to aid in describing the relevant tritium transport and
retention phenomena along with potential tritium control and removal systems.
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The assessment of tritium migration begins within the core region of the reactor, as that is the
primary location of tritium generation whether through neutron interaction with 6Li or the other
tritium-producing reactions described in subsection 2.1.2. Figure 6 provides an overview of
tritium behavior within the core of a generic FHR. While the diagram represents a pebble-bed
core, prismatic fuel types are also possible. Within the core, tritium formed from the 6Li reaction
is distributed in the flowing coolant salt within the core region and may be in the form of TF or
HT/T2, as discussed in subsection 2.2.1. For the TF/T2 in the salt, the graphite pebbles and
graphite block represent the first potential tritium retention mechanism, as shown in Figure 6.
Additional tritium, formed by ternary fission, is created in the fuel layer of the TRISO fuel
pebbles. The low-density graphite core of the fuel pebble, shown in Figure 7, represents a similar
retention pathway for the tritium produced by ternary fission.

Figure 6: Example Pebble-Bed FHR Core and Tritium Pathways

Figure 7: Pebble-Bed FHR Example TRISO Fuel Pebble [37]12
12 Reproduced with permission of American Nuclear Society (www.ans.org).

12

As will be discussed in subsection 3.1, significant tritium retention was seen in the graphite of
the MSRE in the 1960s [38]. Since that time, considerable research has been conducted
regarding hydrogen behavior with carbon for both fission and fusion reactor applications13.
Thorough discussions of hydrogen/carbon phenomena can be found in refs [16, 24, 29, 39-41],
with only an overview and key findings provided here.
Since solid materials interact with the environment through their surface, the specific surface
area (i.e., the available surface area per gram of material) and pore characteristics can have a
significant impact on their properties by changing the number of available bonding sites. Many
forms of carbon are known to have high specific surface areas, ranging from 0.25 - 1.0 m2/g for
nuclear-grade graphite [42] to almost 4,000 m2/g for activated carbon forms [43], with varying
pore characteristics. While the exact physical and chemical processes are still debated, the large
surface area available for adsorption in carbon materials results in the potential for substantial
tritium retention.
Numerous studies have demonstrated the ability of graphite and other carbon forms to capture
tritium, with retention rates and total retention capacity dependent on factors that impact
available surface area and diffusivity [44-47]. Such factors include the particular carbon type and
exposure to radiation [48]. In general, activated forms of carbon demonstrate higher retention
capabilities compared to nuclear-grade graphite due to their increased surface area [29]. Neutron
irradiation greatly enhances hydrogen retention in graphite and carbon fiber reinforced carbon
(CFC) due to the accumulation of defects and increase in available trapping sites [49-51].
For many types of carbon, there is also a strong temperature dependence on hydrogen retention.
In most cases, hydrogen retention capacity increases with temperature until very high
temperatures are reached, which would be above typical operating temperatures of MSRs [52].
The reduced retention capabilities at very high temperatures may require consideration during
MSR transient scenarios, as discussed in subsection 5.1.6. Recent research has attempted to
quantify tritium retention rates of nuclear graphite under prototypic FHR conditions [16]. An
expanded discussion on the possible use of carbon within a tritium control and removal system is
provided in subsection 2.3.3.
For a salt-fueled MSR, the behavior of tritium within the core region is similar to that of the
example FHR, except that the flowing fuel salt also contains tritium produced by ternary fission.
As shown in Figure 8, the presence of graphite within a thermal salt-fueled MSR can once again
can act as a sink for tritium contained within the salt, as was the case for the salt-fueled MSRE.

13 Fusion reactor research has explored the use of molten salt as a possible heat transport fluid, with the production of

tritium as a necessary reactor fuel.
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Figure 8: Example Salt-Fueled MSR Core Region and Tritium Pathways

Figure 9 outlines the relevant transport and retention phenomena for tritium within the molten
salt once it leaves the core or core region. First, as described in subsection 2.2.1, the redox
potential of the salt will determine the balance of the chemical form between TF and HT/T2.
Similarly, if the redox potential is insufficient to prevent corrosion with available materials,
corrosion will also result in the reduction of TF to HT/T2.

Figure 9: Example MSR System and Tritium Pathways

Molecular hydrogen forms, including HT and T2, are quite permeable in metals at the operating
temperatures of most MSR designs [33], as will be discussed in further detail in subsection 2.3.1.
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In contrast, due to much lower permeability, TF will generally be retained within primary system
piping [27]. The high permeability of HT/T2 can result in it leaving the primary system through
piping runs or by migration through the heat exchanger pipes into the intermediate system. Most
proposed MSR designs contain an intermediate salt system between the primary salt loop and the
power conversion system, such as a steam Rankine cycle or gas Brayton cycle. Depending on the
application, the intermediate salt may be the same or different than the primary salt. If tritium is
transported through the intermediate salt to the power conversion (or process heat) system, there
may be potential avenues for release. If a steam Rankine cycle is utilized, tritiated water could be
produced. In contrast, if a gas Brayton cycle is used, gaseous tritium could be present, impacting
its mobility within the plant and in the environment.
To aid in tritium control, tritium removal systems have been proposed to decrease the tritium
inventory within the molten salt. Subsection 2.3 will cover these systems in detail, but they may
be used on both the primary and intermediate salt, depending on the tritium control strategy.
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2.3 Control, Removal, and Monitoring
Due to the high production rates of tritium in lithium- and beryllium-containing MSRs and the
ability of HT/T2 to permeate through structural materials, the control and removal of tritium is of
high operational importance. It is desirable to not just contain tritium but also remove it from the
primary salt to limit occupational doses and as a precautionary measure to limit potential system
releases during high-temperature transient scenarios. For most MSR designs with 6Li concerns,
tritium control will not depend on a single system or component but on a collection of strategies
that attempt to retain tritium within desired locations with dedicated removal pathways. A
number of methods have been proposed [53] and this section provides an overview of historical
or anticipated tritium control and removal systems, including the use of coatings to contain
tritium and the utilization of permeators, gas sparging, and adsorber beds for tritium removal.
2.3.1 Coatings and Permeators

As previously highlighted, HT/T2 is highly permeable in many structural materials at the typical
operating temperatures of MSRs. This presents a challenge to the retention of tritium within the
primary salt system but also offers an opportunity for the removal of tritium at designated
locations. Therefore, the selection of materials and associated coatings becomes a controlling
factor in where tritium is retained and where it is permitted to migrate.
The ability of tritium to permeate through a material is dependent on the partial pressure on both
sides of the material and on the material selection, temperature, thickness, and surface conditions
[34]. Permeability (.) is a direct function of both diffusivity (/) and solubility (0), as shown in
Eq 11.
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Tritium diffusion in metals consists of H or T moving as single atoms through the crystal lattice
of the material. The diffusivity of hydrogen follows an Arrhenius temperature-dependence, as
shown in Eq 12, where /$ is a constant, 1% is the activation energy of diffusion, and 2 is the gas
constant. The same is true for hydrogen solubility in metals, as shown in Eq 13, where 0$ is a
constant and Δ4& is the heat of solution [47].
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Permeation is also controlled by the rate at which the hydrogen molecule can dissociate into the
atomic form at one surface and recombine into molecules on the opposing surface [47], as shown
in Figure 10. This factor is highly dependent on the surface conditions and can be difficult to
predict.
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Figure 10: Overview of Tritium Permeation

Hydrogen diffusion and solubility measurements have been made for many proposed structural
materials and coatings to determine potential hydrogen permeation [54-61]. Permeability can
vary greatly by material. For example, palladium has a permeability almost three orders of
magnitude greater than 316 SS, while tungsten is about four orders of magnitude lower than 316
SS at similar conditions [24]. Therefore, tritium permeation is one of the many important factors
that must be considered when selecting materials for MSR piping and components [62].
Due to limitations on available materials suited for use in MSRs due to temperature and chemical
constraints, there has been much research conducted into the use of coatings or permeation
barriers to reduce tritium migration through otherwise permeable materials. To assess the
performance of a permeation barrier coating, a permeation reduction factor (PRF) is typically
used, which is a comparison of the permeability of the material with and without the barrier, as
shown in Eq 14.
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In other reactor types, oxide and aluminum coatings are typical choices for tritium retention and
can have PRF values as great as 10,000 [55], however, both options are not compatible with the
fluoride salts under consideration for MSRs [24, 48]. Therefore, either different coating types
must be used or the coating must be placed on the opposing side of the material (if the
environment on that side is compatible with the coating).
The vast majority of the surface area in the primary system of an MSR is contained within the
heat exchanger. As such, it represents the greatest area for tritium migration and has been a focus
of tritium barrier development. Some designs have proposed the use of oxide or aluminum
coatings on the secondary or power conversion side of the heat exchangers to limit migration.
For example, Figure 11 provides a notational representation of tritium levels in the primary and
intermediate loops of a generic MSR. In this example, tritium is permitted to permeate into the
intermediate system (which typically utilizes a salt as a heat transfer medium) but is prevented
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from migrating to the power conversion cycle through the use of a barrier coating. The use of
tungsten coating on the salt-facing side of piping may be possible, as it is compatible with most
salts and has PRFs of ~300 [63], however, the practicality of its use is still in question [34]. In
general, one potential difficulty with the use of thin coatings as a tritium barrier is ensuring the
integrity of the coating and preventing the formation of cracks [48].

Figure 11: Conceptual Use of Tritium Barrier Coating14

The permeability of tritium through structural materials also allows the removal of tritium from
the salt in designated areas without the need to interact with the salt directly. Such systems,
called permeators or permeation window facilities, utilize a highly permeable material and an
outer purge gas to remove tritium from the system, as shown in Figure 12. By choosing a purge
gas such as helium, tritium may escape the salt and enter the purge gas region but the migration
of the purge gas into the salt is limited. Reducing the pressure of the purge gas, such as through
vacuum systems, can also increase permeator performance [64]. Designs come in different
configurations but are generally in a geometry that seeks to maximize the surface area available
for tritium permeation, with overall surface areas greater than that of the heat exchangers [24,
65].

Figure 12: Conceptual Permeator System
14 Adapted from ref [28].
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Since high surface areas are needed for permeation windows to function effectively, the use of
double-wall heat exchangers has been proposed [34, 66], which would then have the dual use of
both a heat transport structure and tritium removal system. Double-wall heat exchangers have
been used previously as steam generators in sodium fast reactors to prevent and mitigate sodiumwater interactions [67]. For MSRs, a double-wall heat exchanger would act as a permeation
window for tritium. In the heat exchanger, the tritium-containing salt would flow through a
center tube, with a vacuum or purge fluid, such as a molten salt, liquid metal, or inert gas,
located in an annular region around it, as shown in Figure 13 [48, 68]. Alternatively, a tritiumtrap material (such as yttrium), also known as a tritium getter, can be placed around the center
tube for tritium capture [34]. Either option would then be surrounded by the ultimate heat sink,
such as the intermediate loop or power conversion system. In addition to increased component
complexity, one drawback of double-wall systems is the penalty in heat exchanger performance.

Figure 13: Conceptual Layout of Double-Wall Heat Exchanger Designs
2.3.2 Gas Sparging

Another technique to remove tritium from molten salt is to use direct gas sparging, also called
gas stripping. With this method, an inert gas such as helium is bubbled through the salt, typically
in a counter-current direction as shown in Figure 14. The tritium then preferentially transfers
from the salt to the gas. The sparge gas is collected and processed to remove the tritium. As the
inert gas has near-zero solubility in the salt, there is minimal transfer of the purge gas to the
flowing salt. Gas stripping is more effective at removing HT/T2 than TF, as the former is less
soluble in the salt.
As with permeators, the efficiency of gas sparging depends largely on the contact surface area
between the salt and the sparge gas. As the amount of gas injected into the system increases, the
gas bubbles begin to collide and coalesce, reducing the overall surface area [65]. Research has
explored methods to increase sparging efficiency, such as minimizing bubble size through the
use of ultrasonic bubble creation [69] or essentially inverting the process and having the salt
transported (as a spray or droplets) through a vacuum [70]. Gas sparges may have multiple uses,
depending on the MSR design. For salt-fueled MSRs, gas sparging can also be used to remove
fission gases and potentially noble metals from the salt [48].
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Figure 14: Conceptual Gas Sparging System
2.3.3 Adsorber Bed

As introduced in subsection 2.2.2, the tritium retention capabilities of carbon have been
demonstrated in MSRE and numerous research efforts. The retention of tritium by graphite
within the core region may be somewhat limited, as nuclear-grade graphite is annealed at high
temperatures (2500 – 3000ºC) to provide stability under high neutron irradiation [29, 48]. This
process reduces the available surface area for bonding and restricts tritium adsorption. However,
placing a tritium removal system utilizing carbon on the primary system away from the core
could allow the use of carbon forms with increased porosity and surface area, such as activated
carbon.
Different adsorber/scrubber bed designs have been proposed [48] but in general such a system
would be placed in the primary system after the core outlet but before the heat exchanger. The
two most likely options would be either a fixed or moving bed of pebbles or small spheres. A
high surface area carbon could be used, with only temperature and salt compatibility concerns in
salt-cooled MSRs due to the location away from the neutron flux of the core. In a fixed bed
system, the salt would flow through a bed of carbon allowing tritium exchange between the salt
and carbon. As the carbon became saturated with tritium, the salt would be switched to a parallel
bed to allow carbon replacement or tritium removal from carbon through heating or other means.
Similarly, it is also possible to use stainless steel spheres in an adsorber bed, given their
propensity for hydrogen diffusion, with replacement or treatment of the stainless steel balls once
their hydrogen saturation limit is reached [34, 65].
In a moving bed, the salt would flow counter-current to the movement of carbon, as the example
system in Figure 15 shows [48]. This option can help increase tritium exchange and also allows
the online removal of tritium from the system, as carbon saturated with tritium could be lifted
and heated to disassociate the tritium from the carbon before it re-enters the salt. Combining such
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a system with a stripper gas, as discussed in subsection 2.3.2, could assist in the removal of
tritium from both the salt and the carbon.

Figure 15: Example Tritium Carbon Adsorber Bed [48]

In pebble-bed FHR designs, the fuel pebbles within the core could provide a similar role, as there
is a significant amount of carbon within the pebbles (as shown in Figure 7). With online
processing of fuel pebbles, the tritium could theoretically be removed before re-introduction into
the core. However, the use of nuclear-grade graphite in the fuel pebbles will limit tritium
retention when compared to a separate dedicated carbon-based removal system. The performance
of carbon adsorber beds in the removal of tritium for FHRs has been analyzed in refs [24, 29].
There are other factors to consider in the development of a tritium adsorber bed, including
possible alternative uses of the system. For example, depending on the pebble coating and carbon
form, the bed could also be utilized to remove noble metals from salt-fueled MSRs and/or
removal of the noble gases xenon and krypton [48]. In addition, the chosen carbon form will also
depend on the selected tritium extraction pathway, such as heating of the carbon, and available
disposal pathways for the carbon. Lastly, although carbon has historically been the envisioned
material for the system given its high surface area and compatibility with the salt, new additive
manufacturing techniques may allow for the creation of high surface area geometries for other
materials with tritium sorption properties [48].
2.3.4 Storage

Once removed from the MSR system, the separated tritium may be stored on site, transported to
a different storage or processing facility, or even sold for other industrial uses or fusion energy
research. General guidance and best practices on the handling and storage of tritium is available
from the U.S. Department of Energy (DOE) [71], the International Atomic Energy Agency
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(IAEA) [72], and the CNSC [73]. Although there is little available public information on how
MSR vendors plan to handle tritium after removal from the system, the Canadian system
associated with CANDU reactor operation can provide insights regarding a possible storage
pathway.
As highlighted in subsection 2.1.3, CANDU HWRs can produce similar quantities of tritium to
that predicted for lithium- and beryllium-containing MSRs. In Canada, the heavy water
moderator is processed at the Tritium Removal Facility (TRF) at the Ontario Power Generation
(OPG) Darlington Nuclear Generating Station [74]. As the tritium is contained within the heavy
water as tritiated water, a catalytic reaction followed by cryogenic distillation is utilized to
separate the tritium. Once separated, the tritium is stored as a metal hydride (tritide), which can
be used for long-term storage. In addition, OPG also makes tritium commercially available,
primarily for use with phosphor as a luminescence in dials, exit signs, and military equipment
[75], with a price of approximately $25,000 per gram [22].
Although the extraction process will differ15, MSR operators may also chose metal hydrides for
the storage of removed tritium. There are multiple metal and intermetallic compounds that
absorb hydrogen gas and form metal hydrides, such as palladium, zirconium, titanium, LaNi, and
even uranium [71]. Metal hydrides can be formed at room temperature and low pressures. In
addition, the formation of metal hydrides is a reversible process, as the material can be heated to
release the hydrogen gas, if desired. The hydrogen storage capacity of certain metal hydrides is
extraordinary, with the ability to achieve hydrogen densities greater than that of liquid hydrogen
[77]. Titanium is a popular choice for metal tritide (TiT2) storage, including at the TRF and the
Savannah River Site, due to its relatively low cost, high hydrogen storage capacity, stability in
water and air, and ability to retain helium generated from tritium decay [78]. Tritium can be
removed from a titanium hydride by heating it above 500ºC in a low pressure environment. By
using a metal hydride, MSR vendors may be able to reduce the amount of liquid or gaseous
tritium-containing material on site, while still storing large quantities of tritium.
For a salt-fueled MSR, tritium may be removed from the off-gas treatment system in the form of
tritiated water [76]. It may be possible to directly store the tritiated water within low-water
cement; however, this form of storage would likely require additional placement within a highintegrity steel or plastic container due to the mobility of water in the cement [79].
2.3.5 Monitoring

The monitoring of tritium both within and outside the MSR system is key to the proper
accounting of the tritium inventory. In general, it is not possible to obtain tritium concentrations
within the salt directly from in-situ measurements, as the weak beta emissions from tritium are
self-shielded by the salt [80]. In addition, for salt-fueled MSRs, there will be significant
background gamma radiation from fission products within the salt. Instead, tritium levels can be
derived from measurements taken as part of the tritium removal system.

15 Additional detail on potential methods to extract and separate tritium from MSR off-gas systems can be found in ref

[76].
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Monitoring of the off-gas stream from a gas sparging or permeator system can be used to
determine tritium levels within the salt loops. This approach is not without challenges, as flowthrough detectors are needed due to the weak beta energies. Separation techniques may be
needed to remove other radionuclides, such as noble gases in a fuel-salt MSR, from the off-gas
stream to lower background radiation levels before attempting to measure tritium using an
ionization chamber. The pulse height could differentiate tritium from other radionuclides when
using a flow-through liquid scintillator [81]. Other detection approaches, such as optical
spectroscopy and Raman spectroscopy, have also been proposed as possible techniques for the
monitoring of tritium in the off-gas stream [76]. The ability to accurately monitor and track
tritium with an MSR system (specifically one utilizing FLiBe) has been recently identified as a
high priority sensor research and development area [82].
Monitoring for the presence of tritium outside the MSR system, including in storage locations,
can utilize conventional tritium monitoring techniques. Detailed guidance regarding techniques
for the monitoring of tritium within buildings and effluent streams is available from the U.S.
DOE [5, 71], the IAEA [72, 83], and the U.S. national laboratories [84].
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3. MSRE Experience
To date, the U.S. has built and operated two MSRs. As part of the Aircraft Nuclear Propulsion
(ANP) program, the Aircraft Reactor Experiment (ARE) was the first MSR to be constructed and
began operation in late 1954 at ORNL [85]. ARE was a 2.5 MWth reactor and utilized a NaFZrF4-UF4 fuel-salt with a BeO moderator to permit high temperatures (>800ºC). As shown in
Figure 16, a sodium loop was also utilized to cool the core moderator and reflectors. ARE
operated for a total of 221 hours (96 MW-h) over a two week period. Due to the short
operational time, there is little information on the production and behavior of tritium within the
system. ARE was followed by the MSRE, which had a longer operational lifetime and is
reviewed here.

Figure 16: ARE Flow Diagram [85]

3.1 MSRE Design
MSRE was a salt-fueled, graphite-moderated MSR that utilized LiF-BeF2-ZrF4-UF4 in the
primary circuit and FLiBe in the secondary system. Operting from 1965 to 1969, both 235U and
233
U were used as fuel during different time periods. There was no power conversion system,
instead the secondary salt was cooled using air blown over salt-to-air heat exchangers, as shown
in Figure 17. Due to the extended service period of MSRE (>17,000 critical hours [17]), valuable
experience was gained in the operation of MSRs, including the behavior of tritium.
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Figure 17: MSRE Diagram [86]

3.2 Operational Experience
Following final shutdown, detailed measurements and calculations were made of the tritium
production and distribution within the MSRE system [38, 53, 87-90]. Due to the use of a lithiumand beryllium-containing fuel salt (LiF-BeF2-ZrF4-UF4), tritium was created in the salt of MSRE
through reactions with 6Li. Detailed assays of unused MSRE salt found 6Li concentrations
averageing 77 ppm (99.9923% 7Li enrichment) [38], which would be the 6Li concentration at the
beginning of MSRE operation before the consumption of 6Li by interactions with neutrons or
production of 6Li from Be. Based on this information, operational history, and power level
measurements, the tritium production rates outlined in Table 3 were calculated. In comparison,
tritium production due to ternary fission was estimated at 0.1 Ci/day [38].
Table 3: Calculated Tritium Production Rates in MSRE Fuel Salt [38]

Source
6

Li
Li
Total
7

a6

Tritium Production Rate at 7.34 MWth (Ci/d)
233
U Operationa
U Operationb
28.3
51.0
4.4
5.4
31.7
56.4

235

Li fraction = 74.6 ppm
Li fraction = 70.1 ppm

b6
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During operation, tritium was continously removed from the fuel salt through the offgas system,
which was designed as part of the fuel salt pump, shown in Figure 18. The pump bowl served
multiple purposes in MSRE beyond housing the pump, including acting as the surge tank, and
housing the salt sampling ports, the fuel addition ports, and the offgas system for the removal of
gaseous fission products [91]. The gaseous fission products and also some of the tritium
inventory were removed using a helium gas bubbler and also by spraying the salt as a mist into
the gas region from a torus. Measurements of tritium removal by the offgas system were not
made until late in the MSRE operating period, as the matter of tritium in MSRs began to receive
additional attention [87]. While tritium was found in the resulting gas stream released to the site
stack, additional tritium appeared to be retained within the offgas sytem as part of the oil residue
present throughout the system [38, 87].

Figure 18: Flow Path in MSRE Fuel Pump [91]

Following shutdown, several attempts were made to take a full account of the production and
ultimate fate of tritium in MSRE [38, 87-89]. Specimens of graphite moderator were removed
and analyzed. Significant tritium retention was found, with high concentrations at the surface,
decreasing with depth into the graphite [90]. Measurements from the offgas systems (including
both the fuel salt offgas and coolant salt offgas systems), the radiator cooling air, and the cell
atmosphere were consolidated, with results presented in Table 4 for the end of 233U operation.
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Table 4: MSRE Tritium Balance at end of 233U Operation [38]

Item
Production (estimate)
Known Disposition
Discharged from fuel offgas system
Discharged from coolant offgas system
Discharged in coolant radiator air
Appearing in cell atmosphere
Retained in graphite
Total
Difference (unaccounted1)
1

Ci/d
54

%
100
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1
4
5
8
43
11

48
1
7
9
14
80
20

Assumed to be present within fuel offgas system as part of oil residue.

The largest sink for tritium was the fuel salt offgas system. In addition, much of the
“unaccounted” tritium was assumed to have been retained within the oil residue in the offgas
system, which was not systematically measured. Through graphite samples, it was estimated that
~14% was retained within graphite. Transfer of tritium in the heat exchangers from the fuel salt
to the coolant salt, then to the air through the radiator, was estimated at ~7%. Similar amounts
were measured by the reactor cell exhaust and condensate, indicating that tritium permeated
through the reactor structures and piping.
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4. Tritium Modeling
As highlighted in the preceding sections, the factors influencing the behavior of tritium in MSR
systems can be complex. Hence, the modeling of tritium transport and release can be a difficult
task. This section reviews the functional requirements necessary for the modeling of tritium
within MSRs. This is followed by a survey of available modeling and simulation tools, including
a review of their capabilities. Finally, a scoping assessment of the adequacy of the current
modeling landscpe is presented.
4.1 Functional Requirements
To determine the necessary capabilities of modeling and simulation tools, the desired objective
must first be specified, which can then be used to form basic functional requirements. The
objective is to properly assess the potential release of tritium from MSR systems to the
environment. Therefore, the functional requirements can be divided into three general analysis
phases: the modeling of tritium production, the modeling of tritium behavior (transport/retention)
within the MSR system, and the modeling of tritium behavior outside the system including
potential release to the environment. This segregation was established based on the modeling
features and requirements within these analysis phases and the historical code-types used for
modeling (such as system codes, radionuclide transport codes, atmospheric dispersion codes,
etc.). Although not examined here, there may be additional requirements associated with tritium
storage or transportation, depending on the end use of any removed tritium.
Table 5 contains a summary of the modeling and simulation functional requirements for the three
analysis phases described above. Beginning with the tritium production phase, the main
phenomena of interest are associated with tritium generation within the fuel and salt. In turn, the
functional requirements are associated with the ability to predict tritium production from Li
reactions and ternary fission (if necessary). To accomplish this, models and data are needed
regarding the core flux, cross sections for the reactions of interest, and details regarding the salt
composition.
The next analysis phase is the behavior of tritium within the MSR system. The phenomena
within this phase include the chemical form of tritium, potential retention in graphite, tritium
permeation through materials, and the performance of selected tritium removal systems. The
functional requirements associated with determining the chemical form of tritium include
understanding isotopic exchange with hydrogen in the system and TF dissociation due to
corrosion reactions and redox control. The necessary capabilities to address tritium retention in
graphite depend directly on data associated with tritium permeation; however, the data must
properly capture the predicted chemical form of tritium present in the reactor, the carbon forms
used within the reactor, and the conditions (temperature/pressure) associated with reactor
operation. Similar data and models are necessary for the prediction of tritium permeation through
structures, however, the number of potential materials, including coatings, is larger and the
boundary conditions of the materials also becomes important. The capabilities necessary to
analyze the performance of tritium removal systems will depend upon the design selected;
however, there is likely overlap with the other phenomena if graphite beds or permeators are
used.
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In the last phase, tritium behavior outside the MSR system, the two phenomena of interest are the
behavior of tritium within reactor facilities and dispersion of tritium to the environment. Both
phenomena will depend on how tritium is released from the system, such as a gas or liquid
effluent. Within facilities, leakage pathways may dictate behavior. In the environment,
understanding the potential chemical and biological forms of tritium along with the dispersion
characteristics will determine the final consequences of release.
Table 5: MSR Tritium Modeling Functional Requirements
Functional Requirements
(Capabilities)
Ability to accurately predict:
• Tritium production from
n,6Li reaction
• Tritium production from
n,7Li reaction
• Tritium production from
ternary fission (if
determined to be of
appreciable impact)

Necessary Data or
Models
• Core flux magnitude
and spectrum
• Depletion chain
• Nuclear data (neutron
cross section data)
o n, 6Li reaction
o n, 7Li reaction
o n, 9Be reaction (for
creation of 6Li)
• Salt composition:
o 6Li inventory
o 9Be inventory
• Ternary fission rates (if
determined to be of
appreciable impact)

Chemical form of
tritium (TF, HT/T2
balance)

Ability to accurately predict:
• Chemical speciation
• Isotope exchange
• TF dissociation due to
redox control
• TF dissociation due to
corrosion

• Isotope exchange rates
• Solubility of T forms in
salt
• Salt redox potential
• Corrosion reactions

Retention in graphite

Ability to accurately predict:
• Tritium permeation and
trapping within graphite

• Properties of salt and T
forms
• Permeation rates for
selected graphite form,
including dependencies
on temperature,
pressures, etc.

Permeation through
structures

Ability to accurately predict:
• Tritium diffusion and
trapping within structural
materials
• Impact of coatings or
tritium barriers

• Properties of salt and T
forms
• Permeation rates for
selected
materials/coatings,
including dependencies
on temperature,
pressures, etc.

Analysis Phase

Phenomena

Production

Tritium generation in
fuel and salt

Behavior within MSR
System
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• Configuration of
systems, such as piping
and heat exchangers
• Boundary conditions,
such as characteristics
of secondary loop,
power conversion
system/process heat
application.

Behavior outside MSR
system

Tritium removal
systems

Dependent on specific
system utilized (may overlap
with requirements above)

Dependent on specific
system utilized (may
overlap with data and
models above)

Transport within plant

Ability to accurately predict:
• Tritium release and
transport in air pathways
(such as air within plant,
steam/gas, gaseous
effluents)
• Tritium release and
transport in liquid
pathways (piping leakage,
sewage systems, liquid
effluents)

• Chemical form of
tritium
• Potential transport
pathways within
facilities

Dispersion to the
environment

Ability to accurately predict:
• Tritium dispersion through
gaseous or liquid release
• Environmental pathways
• Health effects

• Chemical form of
tritium
• Biological form
• Plume dispersion
characteristics (if
gaseous)
• Liquid dispersion
pathways
• Dose conversion factors

30

4.2 Existing Capabilities
Due to the importance of tritium in both MSRs and fusion reactor systems, there have been
multiple efforts to develop capabilities to assess its behavior. This section provides an overview
of existing modeling capabilities, divided by the analysis phases outlined in Table 5.
4.2.1 Tritium Production

Tritium production in MSRs can be calculated through the coupling of a depletion and neutronics
code. Many such codes are readily available and are not unique to MSR analyses, however, there
may be specific nuclear data needs. In general, the desired accuracy of the resulting calculation
(or conversely, the tolerable degree of uncertainty) will dictate the acceptability of currently
available data.
To aid in the assessment of existing tritium modeling capabilities to be discussed in the next
section, an analysis was performed to estimate the tritium generation rate in MSRE based on
available design information. The results of this analysis can be found in Appendix A, which
utilized the ORIGEN-S [92] depletion code with MCNP6.2 [93] and the OpenMC Monte Carlo
[94] code. Similar depletion codes, such as Cinder90 [95] and ORIGEN-ARP [96], can also be
used for this purpose. One-group cross section data is needed for the depletion calculation, which
can be generated using the flux spectrum calculated by the neutron flux solvers (MCNP6.2 in the
example analysis in the appendix). The example calculation in Appendix A used the neutron flux
spectrum and the COUPLE module from the SCALE package [97] to generate the one-group
cross section needed by ORIGEN-S.
Many neutron flux solvers can be used for tritium production calculations. Besides MCNP6.2
and OpenMC, the SCALE package and Serpent [98] are available options. If the dominant
tritium production isotope is known, then these neutronic codes may be sufficient to predict the
dominant reaction. In the example calculation provided in Appendix A, the 6Li reaction rate was
directly calculated using MCNP6.2.
4.2.2 Tritium Transport and Retention within the Reactor System

As discussed in subsection 2.2.2, tritium transport and retention within an MSR system is
multifaceted, as there are both chemical and physical processes dictating the movement and
ultimate location of tritium. Of those existing computer code capabilities for this task, some
address only a portion of the tritium transport pathway, while others attempt to assess an integral
picture of tritium behavior within the system. In addition, there are both standalone codes and
those that have included tritium transport phenomena into larger analysis packages. Due to recent
interest in MSR technology, the past decade has seen the creation of many new code capabilities,
with development efforts currently ongoing.
Originating in the fusion research field, two U.S. national laboratories developed code
capabilities to assess tritium diffusion and trapping in materials, as outlined below. While these
codes were designed for fusion applications, due to the ability to specify particular boundary
conditions, it may be possible to use the codes for certain MSR permeation analyses.
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•

TMAP7: The tritium migration analysis program (TMAP7) code was developed by the
Idaho National Engineering and Environmental Laboratory (INEEL) in the 1980s to
support fusion reactor safety [99, 100], with updates in the early 2000s. The code models
1D tritium diffusion through, and trapping in, materials based on finite difference models
and has been used to support the development of the International Thermonuclear
Experimental Reactor (ITER).

•

DIFFUSE: The DIFFUSE code was originally developed by Sandia National
Laboratories (SNL) in the 1980s, with an updated version (DIFFUSE II) released in the
late 1990s [101-103]. It also models 1D hydrogen diffusion and trapping using finite
difference models.

There has been much recent development into code capabilities for the integral assessment of
tritium within MSR systems16. Many new, standalone codes have been developed, as outlined
below. In general, all of the following codes conduct time-dependent analyses of tritium
transport within the reactor system, although the specific targeted reactor design and systems
modeled may differ.
•

TAPAS: The tritium transport characteristics code (TAPAS) has been recently developed
by Xi’an Jiaotong University in China as part of the development of the transportable
FHR (TFHR) design [105]. The code attempts to model the complete FHR system,
including the creation of tritium within the core (based on input information regarding
flux levels), tritium adsorption by graphite, chemical changes due to redox controls and
corrosion, and permeation through metal structures. Individual model benchmarking
efforts have been conducted using available data.

•

TMSR-TTAC: The Tritium Transport Analysis Code (TTAC) has been developed
recently by the Chinese Academy of Sciences for assessment of tritium in the Thoriumbased Molten Salt Reactor (TMSR) design, and is hence called TMSR-TTAC [106].
TMSR-TTAC is a MATLAB SIMULINK package and attempts to model the complete
TMSR system, including tritium production and chemical form, adsorption by graphite,
permeation through metals, and removal by a purge gas system. Validation efforts have
been conducted using available information from MSRE.

•

TRIDENT: The tritium diffusion evolution and transport (TRIDENT) code was
developed by Stempien as part of his dissertation at the Massachusetts Institute of
Technology [24]. TRIDENT seeks to be an integral tool for tracking tritium movement
and chemical reactions within an FHR design with solid fuel. The code contains models
for the production of tritium, chemical speciation due to redox controls and corrosion,
retention in graphite, permeation through materials, and removal by systems such as
permeators, gas strippers, and adsorber beds. The code has been utilized to assess

16 Additional codes have also been developed for other advanced reactor types, such as the tritium permeation analysis

code (TPAC) developed by Idaho National Laboratory (INL) to assess tritium behavior in Very High Temperature
Gas-Cooled Reactors (VHTRs) [104]. While not originally developed for MSR designs, there is potential applicability
of the models.
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potential tritium releases from FHR designs using different tritium mitigation and control
strategies.
Additional code development efforts have sought to include capabilities for tritium transport
analysis within existing system analysis codes, as described below.
•

TRANSFORM: ORNL has recently begun testing and modifying the TRANSFORM
(Transient Simulation Framework of Reconfigurable Models) Modelica-based simulation
environment for the assessment of tritium transport and mitigation in MSRs [107]. The
goal is to unify the modeling capabilities found in a typical system code, such as plant
dynamics and system temperatures, with the analysis of tritium transport. Initial tests
have modeled the performance of a vacuum permeator tritium removal system and
assessed tritium generation and permeation during both steady-state and transient
conditions [107, 108]. Further modifications to TRANSFORM are planned to support
tritium transport analyses.

•

SAM: The System Analysis Module (SAM) is under development at Argonne National
Laboratory (Argonne) as a modern system-level modeling and simulation tool for
advanced non-light water reactor safety analyses [109]. It utilizes the object-oriented
application framework MOOSE to leverage the modern software environment and
advanced numerical methods. The capabilities of SAM are being extended to enable the
transient modeling, analysis, and design of various advanced nuclear reactor systems
including liquid-metal-, molten-salt-, gas-, and heat-pipe-cooled reactors [110]. A general
mass transport model has been implemented in SAM, and it can be used to track any
number of species carried by the fluid flow. Using the mass transport model, preliminary
capabilities have been implemented in SAM for tritium production within the core,
transport and diffusion through the primary loop in FHR [111]. The tritium transport
modeling capability in SAM will be further enhanced under the support of a recent DOENE industry FOA award led by Kairos Power [112].

4.2.3 Tritium Transport and Retention outside of the Reactor System

If released from the reactor system, tritium may be available for transport within buildings on the
reactor site or in the environment. In general, the tools available for modeling tritium behavior at
this stage are not unique to MSRs; however, a brief overview of available capabilities is provided
for completeness.
For analyses of tritium transport within reactor facilities, a code such as RADTRAD [113] may
be adequate depending on the specific details of the scenario to be assessed and the available
information regarding potential flow paths and removal mechanisms. The accuracy of such
calculations will depend heavily on a proper understanding of the location and chemical form of
tritium releases within the plant and available pathways for the movement of tritium to other
places on site, as these are typically inputs to such transport codes.
If released to the environment, the assessment of tritium transport can become complex due to
different chemical and biological forms. Ref [114] provides a thorough review of the factors that
can impact tritium dispersion and movement in the environment. A comparison of tritium
33

dispersion analysis methods, in the context of design basis, conservative accident analyses for
U.S. DOE facilities, was recently completed [115], including an evaluation of the use of manual
calculations (using the methodology from Regulatory Guide – RG 1.145 [116]), and
computational Gaussian dispersion analysis tools such as MACCS [117] and UFOTRI [118]. A
general finding of the study was that the appropriateness of the tool depends heavily on the
desired application. For example, the tritium-specific code UFOTRI may be better suited for
near-field dispersion analysis, which may be of interest for MSR vendors seeking to reduce
exclusion areas or plant sites, in comparison to Gaussian plume models.
Similarly, recent MSR research efforts also assessed available tools for the modeling of tritium
dispersion to the environment [119], including an evaluation of the capabilities of the GENII
environmental dosimetry code from Pacific Northwest National Laboratory (PNNL) [120],
which has previously been used for tritium dispersion analyses [121]. In addition, the HotSpot
[122] dispersion analysis code from Lawrence Livermore National Laboratory (LLNL) also
contains tritium release models.
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4.3 Capability Assessment
Although the development of computational tools for the assessment of tritium in MSRs is not
the main focus of the current effort, a scoping assessment of the adequacy of existing capabilities
was performed to provide general insight into potential development needs.
As highlighted in the preceding section, the estimation of tritium production in MSRs depends
heavily on the predicted flux characteristics, the nuclear data for the reactions of interest, and the
known characteristics of the salt. Whether the available data is sufficient for the application is
contingent upon the desired level of accuracy. As shown in Appendix A, a scoping calculation of
tritium generation rates in MSRE was able to achieve results that closely matched the observed
tritium levels within the system without significant model refinement. The degree of accuracy
necessary for the assessment of tritium during licensing assessments will likely depend on the
associated tritium levels within the system and the performance of tritium control and removal
systems. For example, the tolerable level of uncertainty regarding tritium production may be
greater if it can be shown that tritium levels in areas of concern are well within regulatory limits
when using demonstrably conservative assumptions.
For the assessment of tritium behavior within the MSR system, many tools have been developed
or are now under development. The fundamental chemical and physical models used in these
codes are well known, such as chemical redox reactions, permeation phenomena, and mass
transfer models. However, their accuracy is dependent on the available supporting data, such as
diffusion and solubility values for tritium in certain materials. This dependency is understood by
the MSR community, and much research has been performed, and is currently being performed
[123, 124], to increase the knowledge base for use in model validation.
The challenges associated with modeling tritium transport/retention and dispersion outside the
reactor system are not unique to MSRs, but may have greater importance for MSR licensing
applications, especially if vendors are seeking to reduce the size of plant sites. As this field is
quite extensive, a detailed assessment was not performed here. However, in general, it will be
important for MSR license applicants to demonstrate the applicability of the chosen models and
data for the desired application. Examples include the determination of near-field tritium
transport, the modeled tritium receptor intake pathways, and the validity of selected dose
conversion factors.
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5. Regulatory Considerations
As mentioned in Section 1, a major goal of the current work was to provide an overview of
regulatory considerations associated with tritium in MSRs. To perform this assessment, the
current regulatory structure was first reviewed, including applicable regulations and quantitative
constraints on tritium release. Based on this information, an initial evaluation was performed of
the adequacy of current regulation for addressing issues related to tritium in MSRs.
5.1 Current Regulatory Structure
There are multiple regulations associated with the production and handling of tritium within a
nuclear power plant and the potential release of tritium to the environment through different
pathways. This section reviews the current regulatory structure, beginning with an overview of
the applicable quantitative constraints on tritium releases, followed by an examination of
regulation and guidance associated with effluents and contamination.
5.1.1 Quantitative Constraints on Tritium Release

Quantitative constraints on the release of tritium to the environment come from multiple
regulatory sources and in multiple forms. As summarized in Table 6, applicable regulation can
be divided into different types. How these regulations are cited in the requirements for license
applications is described in the following subsections. First, limits on tritium release can be
found in 10 CFR 20.1301(a)1, which limits the annual public total effective dose equivalent
(TEDE) to 100 mrem, and Appendix B, Table 2 of 10 CFR 20, which uses an annual public
TEDE of 50 mrem to derive concentration limits on air and water effluents17. In addition to these
limits, 10 CFR 20.1301(e) requires compliance with the standards of Environmental Protection
Agency (EPA) 40 CFR Part 190.10(a), which establishes a maximum annual public dose of 25
mrem. It is important to note that the public dose limits of 10 CFR 20.1301(a)1 and (e) apply not
only to tritium but to the sum total of radionuclide releases from the plant.
Appendix I to 10 CFR Part 50 contains numerical guides for design objectives and limiting
conditions for operation to meet As Low As Reasonably Achievable (ALARA) criterion in
effluents. While this appendix specifically applies to light-water-cooled nuclear power reactors,
it is used here as an example for MSR designs. The are several constraints contained within
Appendix I. For air effluents, Sec II B.1 establishes a maximum annual dose of 20 mrem for beta
radiation in unrestricted areas. However, the Commission may require a lower quantity of
released material if it appears that offsite doses will exceed 15 mrem to the skin (see
“Concluding Statement of Position of the Regulatory Staff” in Appendix I). For water effluents,
Sec II A establishes a maximum of 3 mrem annual dose. It should be noted that if the plant
operator exceeds one-half of these annual doses within a given quarter, then the licensee must
investigate the cause, define and initiate a corrective action, and report the actions to the NRC18.

17 The derived water and air effluent concentration limits are based on the concentrations needed to result in a TEDE

of 50 mrem if continuously inhaled or ingested over the course of a year.
18 See 10 CFR 50 Appendix I Sec IV. A.
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Lastly, the EPA, under the Safe Drinking Water Act, has established a drinking water limit of 4
mrem annual dose from beta emitters, which equates to a tritium concentration of 2E-5 μCi/ml19.
Table 6: U.S. Regulatory Constraints on Tritium Emissions in Air and Water
Effluent Concentration
Annual
(μCi/ml)
Type
Regulation
Dose
(mrem)
Air
Water
Limit
10 CFR 20.1301(a)1
100
10 CFR 20 Appendix B Table 2
50
1E-7
1E-3
Standard
10 CFR 20.1301(e)/40 CFR Part 190.10(a)
25
5E-8a
5E-4a
b
a
ALARA
10 CFR 50 Appendix I Sec II. B.1
20 (β, air)
4E-8
10 CFR 50 Appendix I Sec II. B.2(b)
15 (β, air)b
3E-8a
10 CFR 50 Appendix I Sec II. A
3c
6E-5a
Drinking Water EPA Standard
4
2E-5
a

Assuming a linear relationship between the annual dose of 50 mrem and the derived values in Table 2 in Appendix
B of 10 CFR 20.
b
10 CFR 50 Appendix I contains a design objective of 20 mrads for beta radiation (which results in 20 mrem),
however, a higher quantity of radioactive material may be released if the applicant provides reasonable assurance
that the resulting annual external skin dose is less than 15 mrem. In addition, the Commission may specify, as
guidance on design objectives, a lower quantity of material if it appears releases will exceed an annual external skin
dose of 15 mrem (see “Concluding Statement of Position of the Regulatory Staff”).
c
If a licensee exceeds half of this annual total within a single quarter, then the licensee must investigate the cause,
initiate correct actions, and report the actions to the NRC.

In addition to those constraints listed in Table 6, 10 CFR 20 contains additional limits on the
release of tritium to sewers, as outlined in Table 7. This includes a monthly average
concentration limit of 1E-2 μCi/ml and an annual cumulative activity limit of 5 Ci. Other than
the 5 Ci sewer discharge limit, there are no limits on the cumulative tritium activity released to
the environment, beyond the annual dose constraints in Table 6.

Type
Limit

Table 7: U.S. Regulatory Constraints on Tritium Emission in Sewers
Release to Sewers
Regulation
Monthly Average
Annual Total
Concentration (μCi/ml)
(Ci)
10 CFR 20 Appendix B Table 3
1E-2
10 CFR 20.2003
5

5.1.2 10 CFR 50.34a and 50.36a – Effluents from Nuclear Power Plants

10 CFR 50.34a provides several requirements regarding design objectives for the control of
effluent releases. The requirements are separated by type of application but contain similar
stipulations. Applicants of construction permits must describe the design of equipment utilized to
control radioactive material in gaseous and liquid effluents during normal operation and
anticipated operational occurrences (AOOs). The applicant must also identify design objectives,
and the means employed, for keeping radioactive effluent releases to unrestricted areas ALARA.
However, “ALARA” in this context, allows the consideration of the state of technology and
19 2E-5 μCi/ml was derived based on 80% of the value necessary to result in a dose of 4 mrem using the National

Bureau of Standards (NBS) Handbook 69 [125], which was viewed as non-conservative [126].
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economics in relation to the public health and safety and the use of atomic energy in the public
interest. The guides in Appendix I to 10 CFR 50 (outlined in Table 6) meet these objectives.
In addition, the applicant of a construction permit must provide the following:
•
•

•

A description of the equipment to be installed (to achieve ALARA requirements above)
An estimate of:
o The quantity of each of the principal radionuclides expected to be released
annually to unrestricted areas in liquid effluents produced during normal reactor
operations; and
o The quantity of each of the principal radionuclides of the gases, halides, and
particulates expected to be released annually to unrestricted areas in gaseous
effluents produced during normal reactor operations.
A description of the provisions for packaging, storage, and shipment offsite of solid
waste containing radioactive materials resulting from treatment of gaseous and liquid
effluents and from other sources.

Similar requirements are in place for applicants of an operating license (50.34a(c)), combined
license (50.34a(d)), and design approval/design certification/manufacturing license (50.34a(e))20.
Appendix I of 10 CFR 50 provides applicable guidance for each of these sets of requirements.
10 CFR 50.36a provides requirements regarding technical specifications associated with
effluents, including technical specifications associated with maintaining and using operating
procedures in accordance to 50.34a(c) for applicants of operating licenses, and submittal of
annual reports on the quantity of material released for operating license or combined license
holders21. In addition, when establishing operating procedures, the licensee shall be guided by
past experience, which indicates that typical releases are equivalent to a small percentage of the
dose limits22 specified in 10 CFR 20.1301. However, higher, temporary releases may be
acceptable, to allow operational flexibility, if they are still within the limits of 10 CFR 20.1301.
Even in these cases, it is expected that licensees will still practice all ALARA principles.
5.1.3 10 CFR 20.1406 – Minimization of Contamination

10 CFR 20.1406 provides requirements for the minimization of contamination, with associated
guidance in Regulatory Guide 4.21 “Minimization of Contamination and Radioactive Waste
Generation: Life-Cycle Planning.” 10 CFR 20.1406 states the following:
(a) Applicants for licenses, other than early site permits and manufacturing licenses
under part 52 of this chapter and renewals, whose applications are submitted after
August 20, 1997, shall describe in the application how facility design and
20 The requirement to include this information within the application is stated in 10 CFR 52.47(a)(10) for standard

design certifications, 10 CFR 52.79(a)(16) for combined licenses, 10 CFR 52.137(a)(10) for standard design
approvals, and 10 CFR 52.157(f)(11) for manufacturing licenses.
21 The requirement to include this information within the application is stated in 10 CFR 52.47(a)(11) for standard
design certifications, 10 CFR 52.79(a)(30) for combined licenses, and 10 CFR 52.157(f)(18) for manufacturing
licenses.
22Based on the bioassay interpretation methods suggested by RG 8.32, "Criteria for Establishing a Tritium Bioassay
Program" [127].
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procedures for operation will minimize, to the extent practicable, contamination of
the facility and the environment, facilitate eventual decommissioning, and
minimize, to the extent practicable, the generation of radioactive waste.
(b) Applicants for standard design certifications, standard design approvals, and
manufacturing licenses under part 52 of this chapter, whose applications are
submitted after August 20, 1997, shall describe in the application how facility
design will minimize, to the extent practicable, contamination of the facility and
the environment, facilitate eventual decommissioning, and minimize, to the extent
practicable, the generation of radioactive waste.
(c) Licensees shall, to the extent practical, conduct operations to minimize the
introduction of residual radioactivity into the site, including the subsurface, in
accordance with the existing radiation protection requirements in Subpart B and
radiological criteria for license termination in Subpart E of this part.

Parts (a) and (b) require applicants to describe how, to the extent practical, the facility will
minimize the generation of radioactive waste, the contamination of the facility and environment,
and facilitate decommissioning. Part (c) includes further requirements to minimize residual
radioactivity into the site, again to the extent practical, with reference to Subpart B on radiation
protection programs and the associated ALARA programs.
To assist applicants in satisfying the licensing requirements in 10 CFR 20.1406, RG 4.21
describes guiding principles and mechanisms that can be employed for the minimization of
contamination. RG 4.21 provides a risk-informed approach to the potential applicability of
control measures against contamination which are provided in the document. However, as shown
in Figure 19, since MSR facilities are likely to contain large volumes of dispersible radioactive
material, there is high likelihood that consideration of the full range of control measures in RG
4.21 will be necessary. For specific radionuclides, such as tritium, the applicant should judge the
applicability of the control measures in RG 4.21 based on several factors, including the material
form (gas/liquid/solid), the inventory, and the environmental mobility. The guidance in RG 4.21
is structured into the four main areas below. In addition to these general areas, the appendix to
RG 4.21 offers numerous specific measures that should be considered by the applicant.
1)
2)
3)
4)

Minimizing facility contamination
Minimizing contamination of the environment
Facilitation of decommissioning
Minimizing the generation of waste
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Figure 19: Decision Paths for Determining Applicability of RG 4.21 [128]

Minimizing Facility Contamination
As stated in RG 4.21, the use of the phrasing “to the extent practicable” in 10 CFR 20.1406
implies that other concerns, such as the implications on safety systems and overall cost, should
be considered while minimizing contamination and that minimizing contamination must be
viewed in the context of overall facility safety. RG 4.21 also establishes the expectation that the
applicant, “in general, should minimize radioactive contamination using structures, systems, and
components (SSCs) and operational procedures that limit leakage and/or control the spread of
contamination.”
Leaks and spills should be minimized through design, worker practices, preventive maintenance,
and effective operating procedures, in addition to providing containment, timely detection, and
appropriate response. A risk-informed, performance-based approach should be applied and
containment should be considered for potential radiologically significant leaks and spills23.
Radiological work should also be localized to minimize decontamination areas.
Prompt detection of leakage, as close to the leakage source as possible, should be incorporated
into the facility design. This includes the ability to detect small leaks, which could cause
potentially significant environmental contamination over an extended period of time. Leakage
can be reduced by the proper selection of materials, the protection of buried components, use of
industry codes and standards, and a rigorous quality control and quality assurance program. The
probability of the spread of contamination can be decreased through temporary or supplemental
ventilation systems, treating exhaust, and techniques to control releases. Periodic review of
operational practices should also be in place.
23 Radiologically significant generally refers to radioactive materials at a level which result in exposures and doses in

excess of 10 CFR 20 limits for workers and the public or the effluent discharge limits in Append B to Part 20.
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Minimizing Contamination to the Environment
As part of the guidance from RG 4.21 on minimizing contamination to the environment, it is
prudent for the applicant to have a comprehensive understanding of the interface with
environmental systems and the features that will control the movement of contamination to the
environment, which can be accomplished through a conceptual site model. The site model
facilitates in the understanding of the site, planning and implementing a contamination
monitoring program, and planning and implementing mitigative actions.
The site should be designed to allow early detection of leakage and minimize undetected
leakage, such as that which could occur from buried pipes. Applicants should, as early as
practical in the licensing process, identify pathways for radioactive contamination transport
through the surface and subsurface and develop an onsite monitoring program. The program
should provide early detection of leaks/spills and quantification of leaks/spills.
Facilitation of Decommissioning
RG 4.21 states that decommission should be considered during the design process and minimize
the amount of residual radioactivity requiring remediation during decommissioning24. This
includes proper maintenance of records to facilitate decommissioning efforts.
Minimizing the Generation of Waste
Of particular importance in RG 4.21 is the guidance on the minimization of waste generation,
stating that a “life-cycle approach should be taken in identifying all components used in the
facility and all waste that will result from system operations and processing.” Applicants should
evaluate design and operational options to minimize waste generation and radioactivity levels
and the implementation of such measures should consider the merits of various technological
options. However, the NRC recognizes the constraints and competing factors may govern
specifics measures for waste minimization, including balancing operational flexibility and costs.
Managing radioactive waste should also consider the regulatory requirements associated with
transports and disposal or treatment, or the requirements associated with storage when treatment
or disposal are not available.
5.1.4 10 CFR 20.1701 – Restricting Internal Exposure in Restricted Areas

10 CFR 20.1701 provides additional requirements on the control of radioactivity in air by
stipulating the following in respect to restricting internal exposure in restricted areas:
The licensee shall use, to the extent practical, process or other engineering controls
(e.g., containment, decontamination, or ventilation) to control the concentration of
radioactive material in air.

If it not practical to apply process or engineering controls to control the concentration of airborne
radioactive material, 10 CFR 20.1702 permits the use of access control, limitations on exposure
24 Additional insights on decommissioning considerations for operating facilities can be found in RG 4.22 [129].
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time, the use of respiratory equipment25, and other controls, consistent with ALARA and the use
of increased monitoring.
5.1.5 10 CFR 50 – Appendix A: GDCs for Nuclear Power Plants

10 CFR Part 50, Appendix A, contains the general design criteria (GDC) that establish the
minimum requirements for the principal design criteria (PDC) for water-cooled nuclear power
plants26. Appendix A also establishes that the GDC are generally applicable to other types of
nuclear power units and are intended to provide guidance in determining the PDC for such other
units. The GDC include several high-level requirements regarding the discharge and monitoring
of radioactive material. Specifically, GDC 60 states:
The nuclear power unit design shall include means to control suitably the release of
radioactive materials in gaseous and liquid effluents and to handle radioactive solid
wastes produced during normal reactor operation, including anticipated operational
occurrences. Sufficient holdup capacity shall be provided for retention of gaseous and
liquid effluents containing radioactive materials, particularly where unfavorable site
environmental conditions can be expected to impose unusual operational limitations
upon the release of such effluents to the environment.

In the recently published Guidance for Developing Principal Design Criteria for Non-LightWater Reactors (RG 1.232) [130], no modifications were deemed necessary for the application
of this GDC to advanced reactors, such as MSRs/FHRs.
In addition, GDC 64 provides design requirements for the monitoring of radioactive releases,
stating:
Means shall be provided for monitoring the reactor containment atmosphere, spaces
containing components for recirculation of loss-of-coolant accident fluids, effluent
discharge paths, and the plant environs for radioactivity that may be released from
normal operations, including anticipated operational occurrences, and from postulated
accidents.

This GDC was slightly modified as part of the review for applicability to advanced reactors, with
the phrase “spaces containing components for recirculation of loss-of-coolant accident fluids”
removed to allow for designs that may not have LOCA concerns.
5.1.6 Additional Considerations

Although the regulatory items listed in the preceding subsections are likely of highest concern
for the treatment of tritium in MSRs during licensing, there are several other parts of regulation
or associated guidance that may require consideration. For example, the behavior of tritium
during transient event sequences will require attention as part of the plant safety analysis.
Assuming that MSR vendors will utilize a risk-informed, performance-based process similar to
25 If respiratory equipment is used, 10 CFR 20.1703 through 1705 contain additional requirements.
26 The requirement for including general design criteria, such as those provided in Appendix A to 10 CFR 50, within

the application is stated in 10 CFR 52.47(a)(3)(i) for standard design certifications, 10 CFR 52.79(a)(4)(i) for
combined licenses, 10 CFR 52.137(a)(3)(i) for standard design approvals, and 10 CFR 52.157(a) for manufacturing
licenses.
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the Licensing Modernization Project [131], then this information will be partly derived from the
probabilistic risk assessment (PRA). As highlighted in subsection 2.2.2 during the discussion of
tritium retention in graphite, tritium may be released from the graphite back into the salt at
elevated temperatures. The inclusion of such phenomena in the transient source term analysis, or
justification for its exclusion, should be made evident when demonstrating satisfaction of the
dose criteria of 10 CFR 50.34 or the quantitative health objectives [132].
Regarding the monitoring of effluents or other radioactive releases from the plant, additional
guidance is available in RG 1.21 [133], RG 4.1 [134], RG 4.15 [135], and RG 1.109 [136], in
addition to the information provided in Section 2 of Standard Review Plan (NUREG-0800)
developed for LWRs [137]. Similarly, if tritium is stored within a liquid waste system, then the
interim staff guidance in DC/COL-ISG-013 [138] and DC/COL-ISG-014 [139] may also be
informative.
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5.2 Regulation Assessment
The assessment of the current regulatory structure yielded several key findings with regard to the
applicability and adequacy of regulation and guidance for addressing tritium in MSRs, which are
presented here.
5.2.1 Flexibility and Challenges of Quantitative Constraints

A review of the quantitative constraints on tritium releases to the environment finds that they are
primarily based on either dose limits or effluent concentration limits, rather than cumulative
released activity limits (with the exception of tritium releases to sewers). Not only is this
regulatory structure not LWR-specific, but it also may provide MSR vendors flexibility in the
treatment of tritium as it is essentially a performance-based approach to the release of radioactive
material, rather than a prescriptive limit on total activity. However, that is not to imply that there
may not be associated challenges with this approach for MSR vendors.
Since the dose limits for 10 CFR 20.1301 are based on the summation of all released
radionuclides, the treatment and potential release of tritium will have to be viewed in context of
the total plant releases. Additional releases could include radioactive noble gases removed from a
salt-fueled MSR, as an example. In addition, as advanced reactor vendors are generally seeking
to reduce the size of plant sites and exclusion area boundaries, the reduced time and distance for
effluent dispersion could make satisfying the public dose limits increasingly difficult. This could
potentially result in a greater focus on tritium retention and storage, rather than planned effluent
releases to the environment. Lastly, there is an important statement in 10 CFR 50.36a regarding
expectations associated with releases. Based on past experience, it is expected that effluent
releases should result in annual doses of only a small percentage of the limit specified in 10 CFR
20.1301(a)1 (100 mrem). This is important in clarifying that the 10 CFR 20.1301(a)1 limit
should not be seen as a design objective or an acceptable value.
5.2.2 Description of Effluent Controls

Both 10 CFR 50.34a and 50.36a contain requirements associated with the description of systems
and procedures to limit effluent releases, following the ALARA principle. As these requirements
include an estimate of both liquid and gaseous releases, MSR licensees will need to perform
calculations associated with tritium production and migration, including estimating the
performance of systems or components tasked with containing and removing tritium. This
demonstrates the necessity of the modeling tools described in Section 4. In addition, there is also
consideration of the packing, storing, and potential shipment of radioactive materials. Regardless
of the long-term strategy chosen for tritium removal at an MSR site, the applicant will have to
describe the process and demonstrate it also meets the ALARA principle.
5.2.3 Minimizing Contamination to the Extent Practical

The application of 10 CFR 20.1406 and the associated guidance, RG 4.21, is of particular
interest. As stated in subsection 5.1.2, 10 CFR 20.1406 requires the minimization of
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contamination to the extent practical27. RG 4.21 provides clarification, permitting a riskinformed performance-based assessment that includes the consideration of overall facility safety
and cost. RG 4.21 addresses four separate areas: minimizing facility contamination, minimizing
contamination to the environment, facilitation of decommissioning, and minimizing the
generation of waste.
Starting with the minimization of facility contamination, RG 4.21 expresses the expectation that
applicants will utilize SSCs and operational procedures to limit leakage and control
contamination. This is likely consistent with the tritium control strategies of MSR vendors. In
addition, there is a focus on reducing the likelihood of undetectable leakage, which is based on
experience with the operating LWR fleet. MSR vendors can likely alleviate these concerns
through careful design of the facility to minimize underground piping or other undetectable
areas.
Regarding minimizing contamination to the environment, RG 42.1 discusses the development of
a conceptual site model, which can be utilized to plan mitigative actions and monitoring
programs. The phenomena, data, and models described in Section 4 are essential to developing
this model for MSR designs and demonstrating adequate knowledge in the predictions of tritium
transport.
Minimizing the generation of waste could have implications on the tritium retention and storage
plans for MSR vendors. The utilization of graphite as in-reactor storage media would require
consideration of the potential waste streams. Similarly, utilizing metal hydrides for tritium
storage after system removal could help achieve the RG 4.21 goals associated with minimizing
total waste volume and simplifying waste processing streams.
For MSR vendors, the determination of practicality when applying RG 4.21 guidance, although
based on cost and performance factors, may be subjective. It could be possible to issue additional
guidance on the application of 10 CFR 20.1701, 10 CFR 20.1406, and RG 4.21 to MSRs,
however, the diversity of MSR designs and tritium control strategies could make this approach
difficult. Instead, direct discussions between MSR licensees and the NRC during the application
process may be a more efficient approach.
5.2.4 Regulation Assessment Summary

Based on the findings of the regulation assessment, it appears that the current regulatory
structure is adequate for the treatment of tritium in MSRs. This conclusion is based on several
factors:
•

Limits on tritium release to the environment are primarily dose- or concentration-based,
rather than centered on cumulative activity released. This is essentially a performancebased system, which is not LWR-specific and could allow MSR vendors the necessary
flexibility to develop tritium control strategies.

27 Similar wording is found in 10 CFR 20.1701 for limiting exposure in restricted areas.
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•

Current regulation requires a description of the systems and procedures in place to limit
radioactive releases, including an estimate of predicted effluents during operation. This
would encompass tritium control strategies and systems.

•

Regulation and guidance on the release of radioactive effluents to the environment
permits the use of a risk-informed performance-based evaluation to minimize releases to
the extent practical. Although there may be subjectivity in the determination of
practicality, the diversity in MSR designs and tritium control strategies likely makes
generic guidance on this issue difficult.

These findings indicate that the proper application of the existing regulation and guidance can
result in a satisfactory review of an MSR license application for the goal of protecting public and
the environment. This conclusion is consistent with similar recent NRC studies examining
potential rule revisions for the treatment of tritium releases to the environment [140].
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6. Summary
In support of the U.S. NRC in expanding the capabilities for the licensing of non-LWRs, an
assessment of tritium behavior in MSRs was performed. The evaluation can be divided into three
stages: (i) a technical assessment of tritium behavior in MSR systems, (ii) a review of existing
modeling capabilities, and (iii) a review and assessment of the current regulatory structure. The
findings of each of these analyses are presented here.
First, a technical assessment of tritium behavior in MSRs was performed. Section 2 provides
complete details of the study, with noteworthy findings regarding the conditions for tritium
generation, its chemical form, its mobility, and strategies for its control and removal described
below:
•

For MSRs that contain lithium or beryllium within the salt, it is possible to generate
tritium at rates far exceeding current U.S. LWR systems (on a per GWe basis) due to
neutron interactions with 6Li. In addition, tritium generated through this pathway will be
present within the molten salt and not contained within fuel or control elements.

•

The production of tritium within the molten salt is inextricably tied to corrosion concerns
due to the formation of TF, a powerful oxidizer. Corrosion control strategies will likely
result in the reduction of TF to a molecular hydrogen form (HT/T2), which are highly
permeable in structural materials at the operating temperatures of most MSR designs.

•

Due to the large quantity of tritium in the system and the mobile chemical form, tritium
control and removal strategies are necessary to prevent the relocation of tritium to areas
outside of the reactor system and potentially to the environment.

•

Numerous tritium control and removal concepts exist, with varying levels of technology
readiness. An MSR tritium control strategy will likely include multiple components or
systems to both retain tritium within the salt and remove it at designated locations.

Next, for MSR vendors, the modeling of tritium behavior is central to developing appropriate
control strategies and demonstrating safe operation as part of the reactor licensing process.
Complete findings of the assessment of modeling and simulation capabilities are provided in
Section 4 and include the following main points:
•

The modeling and simulation of tritium in MSRs consists of three analysis phases:
production, behavior within the reactor system, and behavior outside of the reactor
system.
o Tritium production: Extensive modeling capabilities exist, with available data
that is likely of sufficient accuracy for the assessment of tritium production as part
of operational safety analyses.
o Tritium behavior within the reactor system: Recent and ongoing work has
increased the modeling capabilities for the analysis of tritium transport and
retention within the reactor system. Although the fundamental models are well
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established, the predictive accuracy is limited by the availability of relevant data.
This is a recognized gap and current research is focused on increasing the
knowledge base available for code validation.
o Tritium behavior outside the reactor system: Modeling capabilities exist, as
tritium transport phenomena in this phase of the analysis are not unique to MSRs.
However, for regulatory analyses, MSR vendors must demonstrate the adequacy
and applicability of the modeling tool selected for the analysis.
Lastly, a review of the current regulatory structure, including applicable limits of tritium release
and associated guidance, was performed to gauge the adequacy of regulation for the review of
tritium behavior in MSRs. Detailed findings are provided in subsection 5.2.4, with a summary
below:
•

The current regulatory structure appears adequate for the evaluation of tritium in MSR
systems, as it is primarily performance-based (i.e. not LWR-specific or prescriptive) and
has existing requirements for the description and analysis of the control systems and
procedures for the limitation of radioactive material release to the environment.
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Appendix A: Estimation of MSRE Tritium Generation
As part of the survey of existing tritium modeling capabilities, discussed in Section 4, an analysis
was performed to estimate the tritium generation rate in MSRE based on available design
information. The goal of this exercise was to perform a preliminary evaluation of the adequacy
of current modeling tools and available data for the prediction of tritium generation rates. MSRE
was chosen for this benchmarking task given that it is the only MSR operated for a prolonged
period.
The assessment consisted of two phases. In the first phase, a single flow passage of the MSRE
core was modeled, with the resulting tritium production rate extrapolated for the total core. In the
second phase, the complete MSRE core (1140 flow passages) was modeled to compare the
results with the initial simplified approach.
Although different fuel-salt compositions were utilized throughout the operational life of MSRE,
the 235U fuel-salt was selected for the analysis. The analysis utilized a 33% 235U enrichment from
ref [141] and 99.99254% 7Li enrichment based on measurements from ref [38]. The composition
of the fuel salt is listed in Table 1, based on information obtained from ref [142].
Table 8: MSRE Fuel Salt Composition [142]

Salt

Mol %

LiF
BeF2
ZrF4
UF4
Density (g/cm3)

65.0
29.1
5.0
0.9
2.15

A total reactor power of 7.34 MWth was assumed for the analysis, based on ref [38]. For the
initial assessment, the flow passage geometry shown in Figure 20 was utilized, which consists of
a round-ended fuel channel within the core graphite. Reflective boundary conditions were
applied on all outer surfaces of the flow passage. The whole core model used the geometry
shown in Figure 21, which includes 1140 flow passages.

Figure 20: Single Flow Passage Model of MSRE
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Figure 21: Whole Core Model of MSRE

The procedure for the initial neutronic analysis was as follows:
1. The core geometry was modeled using MCNP6.2. The flux spectrum was tallied in the
fuel region. The total flux was calculated based on the average power density.
2. The flux spectrum was then used in ORIGEN-S/COUPLE to generate the 1-group cross
section for the depletion calculation.
3. The MCNP6.2 calculation would be repeated with tallies created for the major reactions
identified in Step 2, such as 6Li reaction rates.
Through this procedure, it was also possible to investigate whether the major contributors to the
generation of tritium in MSRE had appreciable changes with burnup. The flux spectrum for the
fuel salt was calculated from the MCNP6.2 calculation and is presented in Figure 22. In the
analysis, it was assumed that all delayed neutron creation occurs within the core region. This
assumption may slightly overestimate tritium creation due to delayed neutron interactions, as in
reality, some portion of delayed neutrons will be born outside of the core region due to the
circulation of the fuel salt. This could result in an increased likelihood of delayed neutrons
escaping the fuel salt before interacting with lithium.

57

Figure 22: Calculated MSRE Flux Spectrum

The ORIGEN-S depletion calculation was performed with a constant flux. The average total flux
for the 235U fuel salt was 4.25x103 n/cm2-s. The relative fraction of tritium produced from 6Li
and 7Li are presented in Figure 23 as a function of operating time. It highlights that the major
contributor (90%) to the tritium production is neutron reaction with 6Li in the early irradiation
period (<1 year), and the rest 10% is mostly from 7Li (n, na) reaction (see Eq 4). For longer
irradiation time (>1 year), the 6Li contribution starts to decrease due to depletion of 6Li. Based on
the observation from the ORIGEN-S calculation, 6Li (n,t) reaction was tallied in MCNP6.2, and
the results were divided by 0.9 to account for the 7Li contribution.

Figure 23: Fraction of Tritium Production by Isotope

The results of the analysis are summarized in Table 9, which include a comparison to the
estimate of tritium production by ORNL [38]. As the results indicate, there was only slight
variation in the results when using the single passage and whole core models. Both of the current
estimates are within 20% of the ORNL estimation. In addition, ORNL estimated 13.7% of the
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tritium production would be from 7Li, which is slightly larger than the 10% value calculated for
the current analysis, although it changes with operational time.
Table 9: Estimated Tritium Production Rate in MSRE

Calculation Method
Single Flow Passage
Whole Core
ORNL Estimate [38]

Tritium Production Rate
(#/g-s)
(Ci/d)
4.26E+9
27.1
4.56E+9
29.0
31.7

Differences in the estimated tritium production rates could be due to several factors. For
example, there is a significant difference in the one-group 6Li cross section assumed in the
ORNL analysis (466 b) and calculated by the current analysis (130 b). This alone would result in
a greater tritium production rate in the ORNL analysis. Interestingly, when the ORNL tritium
production estimates were compared to measured tritium values from plant components (see
Table 4), approximately 20% of the estimated generated tritium was unaccounted for. It is
possible that this could have been due to an overestimation of tritium production. With that said,
the current analysis demonstrates the capabilities of predicting tritium production rates in an
MSR, even when using a preliminary model. This is consistent with other recent studies on this
topic (see Section 3 of ref [143] and [144]).
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