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ARTICLE INFO ABSTRACT

Keywords: FESTIM is an open-source finite element framework for modelling the transport of hydrogen isotopes in
FESTIM materials. This paper presents FESTIM v2.0, a major release that broadens the framework’s physical scope and
Hydrogen transport software infrastructure. The new formulation supports fully coupled multi-species transport, advanced trapping

Finite element
FEniCSx
Modelling

and reaction networks, isotope exchange, decay, advection, and generalised treatments of interfaces and
boundaries. FESTIM v2.0 is built on DOLFINX, providing improved scalability, interoperability, and long-term
sustainability. Performance benchmarks on representative multi-material diffusion problems show speedups
of up to approximately 15x relative to FESTIM v1, enabling more efficient engineering-scale, multiphysics
simulations. The framework is designed for applications ranging from laboratory-scale permeation experiments
to component-level analyses relevant to fusion fuel-cycle technologies. Together, these advances establish
FESTIM v2.0 as a versatile and efficient platform for hydrogen transport modelling in complex materials
systems.

1. Introduction

Hydrogen isotope transport plays a central role in the development of fusion energy systems. Accurate modelling of diffusion, trapping, and
retention processes is critical for predicting tritium inventories, ensuring regulatory compliance [1,2], and supporting the design of fuel cycles
and plasma-facing components [3]. Robust modelling is also essential for guiding near-term experimental campaigns and validation of transport
properties in materials. Hydrogen transport solvers are routinely applied to laboratory-scale experiments such as gas-driven permeation [4-7],
which are used to determine transport properties of candidate materials and coatings, including permeation barriers [8-10]. They are also used to
assess conceptual designs for fuel-cycle components such as breeder blankets [11-14], plasma-facing components [15-17], and tritium extraction
systems [18-20], as well as in broader hydrogen-handling technologies including hydrogen storage [21], nuclear fission systems [22], and related
materials science studies [23-26]. These diverse applications underscore the broad scientific importance of accurate, extensible, and efficient solvers
for hydrogen transport. FESTIM (Finite Element Simulation of Tritium In Materials) was developed to address these needs for fusion-relevant
materials.

FESTIM was first released as an open-source finite element tool tailored to hydrogen transport modelling [27], built on the legacy version of the
FEniCS Project (2019.1) [28]. Its Python interface and transparent development model enabled rapid uptake and early community contributions.
However, FESTIM v1 faced two fundamental limitations. First, its core dependency (FEniCS 2019.1) has not been maintained since 2019, thereby
limiting FESTIM’s long-term sustainability, scalability, and performance. Second, its treatment of material interfaces relied on a change-of-variable
method [29] whose implementation limited efficiency and flexibility. While adequate for small-scale studies, it became increasingly unsuitable for
engineering-focused simulations with fine meshes and multiple materials.
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The release of FEniCSx, a modern, actively maintained successor optimised for high-performance computing, made both the necessity and the
opportunity for a complete rewrite of FESTIM. FEniCSx is organised as a collection of interoperable modules, including DOLFINx [30] as the
problem-solving environment, FFCx for form compilation, Basix [31] for basis function definitions, and UFL [32] to describe finite element forms.
Rather than attempting a direct port, FESTIM v2.0 was re-designed from the ground up with a focus on modularity, extensibility, and computational
efficiency. This redesign removes the technical debt accumulated in v1 and provides a cleaner foundation for extending the physics that FESTIM
can model.

The most significant advance in FESTIM v2.0 is the introduction of a framework that enables fully coupled multi-species transport. This new
capability allows users to model multiple hydrogen isotopes and their interactions, including multi-level occupancy trapping, isotopic exchange,
decay, and advection. Such features were not possible in FESTIM v1 due to architectural limitations that restricted extensibility and maintainability
through ad hoc implementations. By contrast, the restructured architecture in v2.0 provides a consistent and modular way to introduce new physics,
enabling studies of more realistic material behaviour and isotope effects across fusion-relevant conditions. Alongside this development, FESTIM
v2.0 introduces more efficient strategies for handling material interfaces. The original change-of-variable approach has been re-implemented to
ensure continuity with legacy studies, but FESTIM v2.0 also integrates discontinuous Galerkin formulations, including penalty methods [33,34]
and Nitsche’s method [35,36]. These approaches, well established in the numerical analysis community, substantially reduce the computational
cost of multi-material simulations while preserving accuracy. In addition, work has been done to facilitate the coupling of external modelling tools
(OpenMC [37] and OpenFOAM [38]) in FESTIM problems. Together, these advances establish FESTIM v2.0 as both a more capable and more
efficient solver for hydrogen transport in materials.

This paper presents FESTIM v2.0 as the new reference for the code and its new capabilities. Section 2 provides an overview of the software
architecture and development philosophy. Sections 3-6 describes the mathematical framework, including geometries, governing equations,
interface conditions, and treatments of boundary conditions. Section 8 benchmarks performance improvements relative to FESTIM v1, while
Section 9 demonstrates interoperability with external solvers in multiphysics workflows. Finally, Section 10 summarises the advances and outlines
perspectives for further development. All examples and data are openly available at https://github.com/festim-dev/FESTIM-v2-review.

2. FESTIM overview
2.1. Philosophy and design principles

FESTIM has been developed as a domain-specific framework for hydrogen isotope transport rather than as a generic finite-element solver. Its
architecture is guided by three principles: modularity, enabling new physics to be incorporated without altering the core; extensibility, allowing
users to adapt or extend functionality for specialised studies; and sustainability, ensuring that FESTIM remains a long-term platform for its users.
This philosophy reflects lessons learnt during the development of FESTIM v1, where useful physics extensions were often introduced as ad hoc
workarounds that limited maintainability. In v2.0, these have been replaced with a clean, systematic structure that provides a robust foundation
for scientific research and engineering-scale applications.

2.2. Core components

At its core, FESTIM builds on the familiar finite element simulation structure: mesh, governing equations, boundary conditions, and numerical
solvers. FESTIM v2.0 extends this foundation with a flexible, object-oriented architecture that modularises physics.

A key innovation is the introduction of Subdomain objects. Whereas v1 applied physics globally, v2.0 can now formulate solutions on a per-
subdomain basis. This allows particular processes or governing equations to be restricted to specific regions of the domain. Materials are attached
to subdomains rather than the other way around, which improves extensibility and avoids hard-coded links between geometry and physics. This
makes multi-material problems more natural to construct and provides a consistent way to define material-dependent diffusivities, solubilities, or
reaction networks.

Diffusivity is expressed by default through Arrhenius laws, but users may also supply custom dolfinx.fem.Function’s. This enables fully
spatially or temporally varying fields, supporting advanced cases such as heterogeneous materials or turbulent diffusion without modifying the
core.

Thermal coupling has also been restructured. In v1, the heat equation was embedded directly within the transport solver, whereas v2.0 separates
the two. Heat transfer problems can be solved directly using the new HeatTransferProblem class. Users may still solve the heat equation
internally with a dedicated solver, or instead provide external temperature fields and couple FESTIM with third-party thermal codes. This modularity
simplifies the architecture while preserving the ability to run fully coupled thermo-diffusion simulations.

Additional flexibility is provided by classes such as
ImplicitSpecies, which represent site balances without introducing extra PDEs. This supports the efficient modelling of trap occupancies,
including explicit mobile and immobile species. Reactions and source terms are defined through extensible interfaces that accommodate trapping,
isotope exchange, decay, surface recombination, and other phenomena relevant to hydrogen transport.

Finally, FESTIM includes a configurable export system. Users can track both raw fields and derived quantities such as fluxes, inventories, or
averages over subdomains, ensuring that simulations can be compared directly with experiments or embedded in broader workflows.

2.3. Extensibility and integration

The modular class-based design of FESTIM v2.0 ensures that all major components, species, traps, sources, reactions, boundary conditions,
and exports are implemented as extensible classes. Users can create custom subclasses to introduce new physics, define non-standard boundary
conditions, or extend export routines, without modifying the core code. This resolves one of the main limitations of FESTIM v1: extensions often
relied on modifying internal routines, resulting in fragile and inconsistent workflows. The v2.0 design enables FESTIM to integrate into broader
workflows, such as parametric optimisation, multiphysics coupling, or system models.
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2.4. Community and sustainability

FESTIM is openly developed on GitHub using Git version control [39]. The repository supports issue tracking, pull requests, and collaborative
review, ensuring contributions are transparent and reproducible. This open model has enabled FESTIM to expand into a multi-institutional project,
with contributions from more than a dozen researchers across academia and national laboratories.

Modern software practices further reinforce sustainability. An extensive test suite is integrated into FESTIM’s Continuous Integration (CI)
pipeline, automatically verifying new contributions at both unit and system levels. Documentation is openly available at https://festim.readthedocs.
io, including theoretical background, a user guide, an API reference, and a contributor’s guide. Complementary hands-on tutorials are maintained
at https://festim-workshop.readthedocs.io, helping new users explore FESTIM’s capabilities. Stable releases are distributed via PyPI under the
permissive Apache-2.0 licence, while development versions can be installed directly from source for early access.

FESTIM v2.0 is developed in close alignment with the evolution of its core numerical dependency, DOLFINx, which remains under active
development. FESTIM does not rely on a forked or frozen version of DOLFINx; instead, it is actively maintained to remain compatible with recent
releases. All results presented in this work were produced using FESTIM v2.0-b1, supporting DOLFINx versions 0.9—0.10. To balance reproducibility
with long-term sustainability, FESTIM follows a versioning policy that supports the two most recent DOLFINx releases, allowing users to benefit
from ongoing improvements in the FEniCSx ecosystem while maintaining a clear, documented compatibility window validated through continuous
integration testing.

2.5. Verification and validation

FESTIM v2.0 includes a dedicated and continuously updated verification and validation (V&V) resource, hosted as a dynamic Jupyter Book
at https://festim-vv-report.readthedocs.io [40]. Unlike static publications, this format evolves alongside the code: new benchmark cases can be
added as capabilities grow, corrections can be issued immediately, and results remain reproducible and citable. This living V&V record strengthens
confidence in FESTIM as a research platform and ensures that its development is directly aligned with experimental validation. Note that this
book has been updated to work with FESTIM v2.0 and includes validation studies from thermodesorption experiments [41-43], profilometry
data [44-46], and permeation experiments [4,47,48], one of which is detailed in Section 7.

2.6. Model applicability and constraints

FESTIM v2.0 is intended for modelling hydrogen isotope transport across length scales ranging from the micrometre scale, relevant to laboratory
samples and coatings, to component and system-scale domains on the order of metres, as encountered in fusion fuel-cycle systems. The framework
is formulated to capture diffusion-driven transport coupled to trapping, reactions, and boundary or interface processes across materials. Material
properties and kinetic parameters are prescribed by the user, typically via Arrhenius-type relations or externally supplied fields, enabling flexible
representation of spatially and temporally varying conditions.

The current formulation assumes that microstructural features and defect populations can be represented through user-defined parameters
and reaction networks, rather than being resolved explicitly. Higher-order transport effects, such as stress-assisted diffusion or the Soret effect
(thermophoresis), are not currently supported. Numerical accuracy and efficiency depend on the choice of discretisation, interface treatment,
and stabilisation strategy, particularly for advection-dominated or strongly heterogeneous problems, and appropriate settings remain problem
dependent. These constraints reflect deliberate design choices that prioritise extensibility and computational efficiency, while leaving a clear
pathway for future model extensions.

3. Geometry, meshes and subdomains

In FESTIM, geometries are represented by a mesh that defines the discretised spatial domain together with mesh tags that identify distinct
regions and boundaries. These tags enable users to assign materials, sources, or boundary conditions with flexibility. All cell types available in
DOLFINx are supported, including higher-order triangles, tetrahedra, quadrilaterals, and hexahedra, enabling both simple structured meshes and
curved geometries to be modelled with high fidelity (see Fig. 1). Depending on the problem, users may choose between lightweight built-in options
for 1D cases, native DOLFINx constructors for regular 1D-3D domains, or external tools for complex geometries.

For simple 1D studies, FESTIM provides a dedicated Mesh1D class. The user specifies vertex coordinates and optional locators for boundaries,
and FESTIM constructs the mesh and associated tags automatically:

1 import festim as F
2| import numpy as np
3/ vertices = np.linspace(0, 1, num=100)

4
s/ my_mesh = F.MeshlD(vertices=vertices)

More general meshes can be created directly with DOLFINx constructors such as create_interval, create_rectangle, or create_box.
Subdomains and boundaries may then be defined using locators or geometric conditions. This provides an efficient workflow for simple problems:

1| import festim as F
import numpy as np

left_boundary = F.SurfaceSubdomain(id=1, locator=lambda x: np.isclose(x[0], 0.0))
right_boundary = F.SurfaceSubdomain(id=2, locator=lambda x: np.isclose(x[0], 1.0))
6| bottom_boundary = F.SurfaceSubdomain(id=3, locator=lambda x: np.isclose(x[1], 0.0))
7| top_boundary = F.SurfaceSubdomain(id=4, locator=lambda x: np.isclose(x[1], 1.0))

QoA W N
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Fig. 1. Illustration of how external meshes can be generated and integrated in FESTIM. A user can interact with FESTIM through any of the supported input
formats in DOLFINx. Additionally, meshio can be used to convert files from other formats to XDMF, which can then be read into FESTIM.

For more complex geometries, FESTIM integrates smoothly with meshing tools such as GMSH [49], fTetWild [50], or SALOME [51], which
provide advanced capabilities for generating structured or unstructured meshes and for importing CAD models. Meshes created in SALOME can
be exported as .med files and converted to .xdmf using meshio [52], which can then be loaded directly into FESTIM via the MeshFromXDMF
class. Alternatively, GMSH meshes in .msh format can be converted natively within DOLFINx into dolfinx.mesh.Mesh and dolfinx.mesh
.MeshTags objects, which FESTIM can use via the Mesh class. Within these frameworks, users can either construct meshes manually or generate
them from CAD models, enabling the direct simulation of realistic engineering designs with FESTIM.

4. Governing equations

This section presents the mathematical formulation used by FESTIM to simulate hydrogen transport. As in any standard finite element method
(FEM) problem, the solution process begins with the definition of the spatial domain, followed by governing equations, boundary and interface
conditions, and the specification of desired outputs. What distinguishes FESTIM v2.0 is its ability to flexibly combine these elements across multiple
materials and species, thereby enabling efficient and accurate treatment of complex multi-physics scenarios.

In hydrogen transport problems in FESTIM v2.0, one or more species can be defined. The following generalised partial differential equation
governs the concentration of each species:

dac;
a—t‘ =V -(D;Ve) + S;(x,1,T) + Rlcg, ..., ¢y, X, 1,T) + uVe, e))

where ¢; is the concentration of species i, and D; is its diffusion coefficient, which may vary in space and time and can depend on the temperature
field T. The volumetric source term, .S;(x,,T), represents external injection or removal of the species, independent of its interaction with other
species. The coupling term, R(cy, ..., ¢,,X,t,T), accounts for all local interactions between species, such as trapping and detrapping, isotope exchange,
and radioactive decay. This can act as either a sink or a source, depending on the direction of the interaction, and may exhibit non-linear behaviour
in species concentrations. The final term, uVc;, represents advection of the species by a prescribed velocity field u. This formulation allows FESTIM
to represent independent diffusion processes, externally imposed sources, and complex coupled reaction networks within a unified framework.

It should be noted that this formulation can be further extended to account for additional phenomena, such as thermophoresis (Soret effect) [53]
or stress-assisted diffusion [54].

4.1. Multi-species

One of the new features of FESTIM v2.0 is the support of multiple mobile species. Species can be classified into two categories: mobile and
immobile. Mobile species can diffuse through the material, whereas immobile species cannot; i.e., D; = 0.

In specific cases, it is possible to define a species as implicit, meaning that its concentration can be directly obtained from other species’
concentrations. For instance, for immobile empty trapping sites, for which the concentration ny,,, can be expressed as:

nempty = Miotal — Cto @)
where n,, is the total concentration of trapping sites, and ¢, is the concentration of trapped particles.

1| trapped_H = F.Species("ct", mobile=False)
2ln_total = 1el0

3

4| empty_traps = F.ImplicitSpecies(n=n_total, others=[trapped_H])
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Here, we assume that a single trapping site can only retain one atom; however, this assumption can be extended to multi-occupancy trapping.
This new paradigm, in combination with the reaction framework, enables users to simulate the transport of multiple hydrogen isotopes and
non-hydrogenic species (e.g., vacancies, vacancy clusters, interstitials).

4.2. Reactions

One of the key additions to FESTIM v2.0 is the introduction of reactions. Many physical processes in hydrogen transport can be described as
reactions. A reaction is defined by specifying reactants and products, along with forward and backwards rate constants:

k
A+ B“—P<_—’C +D. 3)
Taking into account only the reaction described in Eq. (3), the temporal evolution of species concentrations ¢; is given by:
dcy, _ Ocg occ dcp
Y = ¥ E—? E—? = —kcpcp + pecep. 4

This framework can be used to model phenomena such as trapping/detrapping, decay, and isotopic exchange. Reactions can also be combined
to create complex reaction schemes.

4.2.1. Trapping
The following reversible reaction can represent hydrogen trapping:

k
[ 1+H=—=[H], ®

where H is mobile hydrogen, [ ] is an empty trap site, and [H] is a trapped hydrogen particle.
Considering a system with a single mobile species, ¢, and a single trapped species, ¢;, once the user has defined the reactions, the equations
are assembled into rate equations. The temporal evolution of this system is then given by:

dey, dc,

=V (DVec,) - —, 6
or (BVew = 5, ©
dc
a—;:kcm(n—ct)—pct. (@]

where n is the number of trapping sites. This is commonly known as the McNabb and Foster model [55].
The rates of trapping and detrapping, k and p respectively, can be expressed by Arrhenius laws [56]:

E,
k= koexp<k T> 8

_Ep
p= poexp<k T) (C)]

where k, is the trapping pre-exponential factor in m3s~!, E, is the trapping energy in eV. p, is the detrapping pre-exponential factor in s~ Ep is
the detrapping energy in eV, kg is the Boltzmann constant ineVK-!.

1/mobile_H = F.Species("H")
2| trapped_H = F.Species("trapped_H", mobile=False)
4 empty_traps = F.ImplicitSpecies(n=n, others=[trapped_H])

5

6| trapping_reac = F.Reaction(
7 reactant=[mobile_H, empty_traps],
8 product=[trapped_H],

9 k_0=k_0, E_k=E_k,
10 p_0=p_0, E_p=E_p,
1)

4.2.2. Multi-level trapping

Multi-level, or multi-occupancy, trapping refers to the ability of a single defect to accommodate more than one hydrogen isotope simultaneously.
This behaviour has been observed in atomistic simulations of hydrogen transport in metals [57-60], where vacancies, dislocation loops, and
irradiation-induced defect clusters can trap several hydrogen atoms at once [61-64]. The trapping capacity depends on the defect type, local
geometry, and relaxation of the surrounding lattice. As the defect becomes increasingly occupied, subsequent hydrogen atoms typically experience
different binding energies, resulting in a hierarchy of trapping levels.

FESTIM allows the user to model such phenomena by representing each occupancy state as a separate species. For example, a three-level trap
in which a defect can hold up to three hydrogen atoms may be represented by the following sequence of reversible reactions:

ky

[ T+H—=[H], (10a)
P1
ky
[Hl + H—[2H], (10b)
kz
[2H] + H—=[3H]. (100)

Here, each trapping level has its own forward and backward reaction rates k[ and p;, which may follow independent Arrhenius laws. This formulation
permits the modelling of different binding energies as the trap fills.
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1| mobile_H = F.Species("H")

trapped_1H = F.Species("H1", mobile=False)
trapped_2H = F.Species("H2", mobile=False)
4| trapped_3H = F.Species("H3", mobile=False)

w N

6 empty_traps = F.ImplicitSpecies(n=10, others=[trapped_1H, trapped_2H, trapped_3H])

s/ reacl = F.Reaction(
9 reactant=[mobile_H, empty_traps],
10 product=[trapped_1H],

11 k_0=k1,

12 p_0=p1,

13 ..

14| )

15| reac2 = F.Reaction(

16 reactant=[mobile_H, trapped_1H],
17 product=[trapped_2H],

18 k_0=k2,

19 p_0=p2,

20 ..

21| )

2| reac3 = F.Reaction(

23 reactant=[mobile_H, trapped_2H],
24 product=[trapped_3H],

25 k_0=k3,

26 p_0=p3,

This approach naturally extends to multiple isotopes. A mixed H-D trap with several occupancy levels can be described through a network of
reactions, such as:

ki

[ 1+H—=I[H] (11a)
Pi
ky
[ 1+D—[D], (11b)
P2
k3
[H] + H—=[2H], (11¢)
P3
k.
[H] + D—[HD], a1d)
P4
ks
[2H] + H—= [3H], (11e)
Ps
k,
[2H] + D—><6_ [2H D], 11
Pe
k
[HD] + D<—>L[H2D], (11g)
P7
kg
[HD] + H—=[2HD). (11h)

ps

Although highly flexible, the number of reactions required increases rapidly with the number of isotopes and occupancy levels. This reaction
framework approach is therefore best suited to systems in which specific trapping mechanisms are known and only a small number of levels are
required.

An alternative representation used in the literature treats multilevel trapping as a continuum, in which the detrapping energy depends smoothly
on the trap’s filling ratio [65,66]. This method avoids the combinatorial growth of reaction equations, but it is not currently implemented in FESTIM
and is under consideration for future development.

4.2.3. Isotope swapping

Isotope swapping, or isotopic exchange, is the process in which a mobile hydrogen isotope exchanges places with a different isotope already
trapped at a defect site. This mechanism has been observed in both experiments and atomic-scale simulations, and it plays a crucial role in mixed-
isotope systems [67,68]. Isotope swapping contributes to isotope redistribution in trapping-dominated regimes and is especially relevant for tritium
inventory predictions in plasma-facing materials [69].

A typical isotope-swapping reaction can be written as:

Kswap
[T] + H—[H] + T. 12)

Pswap

meaning that a trapped tritium atom can be replaced by a mobile hydrogen atom, freeing T into the mobile phase.
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1| mobile_H F.Species("H")
mobile_T F.Species("T")
trapped_H = F.Species("trapped_H", mobile=False)
4| trapped_T = F.Species("trapped_T", mobile=False)

w N

6| swapping_reaction = F.Reaction(

7 reactant=[mobile_H, trapped_T],
8 product=[mobile_T, trapped_H],
9 k_O=k_swap,

10 p_0O=p_swap,

11 “ ..

12])

4.2.4. Other reactions
The generalised FESTIM reaction framework also allows the inclusion of additional chemical reactions in the domain. This capability is
particularly relevant in reactive environments, such as molten-salt systems (e.g., FLiBe), where hydrogen may undergo chemical transformations.
Radioactive decay can be formulated as a one-way reaction with no products:

!
T— @ (13)

with a decay constant A in s~'.

T = F.Species("T")

1
2
3

decay_reaction = F.Reaction(
4 reactant=[T],
5 product=[],

6 k_O=decay_constant,
7

8 )

4.3. Advection

To model the transport of hydrogen within a fluid, FESTIM allows the inclusion of an advection term:

P
% =V.(DVe,)+u- Ve, (14)

where u is the velocity field in units of ms~!. This formulation captures the influence of a convecting fluid or moving lattice on the spatial
distribution of hydrogen species.
Advection can be included directly using the AdvectionTerm class:

1/ F.AdvectionTerm(
2 velocity=u,

41)

where u is a user-defined dolfinx.fem.Function. Further details on coupling velocity fields from CFD solvers are provided in Section 9.1.

To illustrate the impact of advection relative to diffusion, consider a 2D domain ((0, 20) x (0, 10)) with a constant velocity field u = [1,0]. The
initial condition consists of a species concentration ¢ = 1 within a circular region of radius 0.1 centred at (4,5), and ¢ = 0 elsewhere. Two diffusion
regimes are examined:

« D =1.5 m?s7!: diffusion-dominated (Pe < 1),
+ D =0.01 m*s™!: advection-dominated (Pe > 1).

Fig. 2 shows the concentration fields at # = 5s and ¢ = 10s. In the diffusion-dominated regime, the species spreads isotropically. In contrast, in the
advection-dominated regime, the concentration distribution is transported downstream by the flow, retaining its shape. Some artificial dissipation
of the solution is visible in this case, which is expected when solving the advection—diffusion equation with continuous Galerkin elements in a
finite element framework [70].

5. Interface conditions

When hydrogen moves through a component composed of multiple materials, it encounters interfaces where transport behaviour can change
abruptly. The appropriate interface condition depends on the materials involved and reflects differences in their solubility laws. For example, at
an interface between two Sievert’s materials, continuity of hydrogen partial pressure gives:

C C
'm,0 _ 'm,1 . (15)
Kso  Ks,

7
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(a) Initial condition, t = 0s

(b) Diffusion dominated, t =55 (c) Diffusion dominated, t = 10s

(d) Advection dominated, t = 5s (e) Advection dominated, t = 10s

Fig. 2. Influence of advection on species transport in diffusion- and advection-dominated regimes.

similarly for two Henry materials:
Cm,O _ Cm,l
Kuo  Kuy’
where K is the solubility of hydrogen in a material. If the solubility differs across the interface (K., # K. ), the hydrogen concentration c,, may
exhibit a discontinuity.

16)

In FESTIM v1, such conditions were handled by a change-of-variable method, solving for § = ¢, /K rather than c,,. Although straightforward,
this approach had limitations: it required costly post-processing projections and prevented species from being restricted to specific subsets of the
computational domain.

FESTIM v2.0 introduces several alternative strategies for handling interface conditions, allowing users to select the method best suited to their
application. Options include discontinuous Galerkin/Nitsche formulations and penalty-based approaches. The following subsections outline these
approaches.

5.1. Discontinuous Galerkin/Nitsche method

FESTIM v2.0 leverages the submesh functionality provided by DOLFINx [71,72]. For interfaces between materials of the same type (either Sievert
or Henry), a discontinuous Galerkin/Nitsche method is available [73]. To illustrate, consider two species, c¢,,; € €;, i = 0,1, where Q,nQ, =T
denotes their interface. The variational formulation of Section 4 can then be written as

Find ¢} ; € V(£)) such that:

1 = cnf_l
D </ STy + DV -V, — (u- Ve )y, dx>
i=0 2 ot ’ ’
DV" DV m 7 [im d a7
- /r< ey - mllvl = U)'n[[?]H'm [[?]][[U]] s

1
=2/ S,-v;dx Yo, € V(Q).
i=0 7 2
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Here, () := % represents the average operator at the interface, [-] := -, — - is the jump operator, and n = n,, is the normal vector on I" pointing
out of €. y is the stabilisation of penalty parameter and # is the local mesh size. Note that on each subdomain 2;, V(£2;) is discretised with a
continuous Lagrange space, minimising the number of degrees of freedom needed to represent the discontinuity at I'. This formulation allows the
weak enforcement of continuity conditions across the interface while still accommodating possible discontinuities in c,, when material properties
differ.

5.2. Penalty methods
For more complex cases, such as Sievert-Henry interfaces, the relation between concentrations becomes nonlinear:
2
C, C
m,0 _ m,1 ) (18)
Kg Ky
Handling such nonlinear interface conditions requires alternative strategies. FESTIM v2.0 offers penalty-based methods that enhance the weak
formulation to enforce the interface constraint efficiently. Two variants are available: an energy-based formulation and a Robin-type boundary

condition.

5.2.1. Energy perspective
We consider the same domains and interfaces as above. The strong formulation of the problem is

=V (D;Vey;) = S; inQ;, i=0,1 (19)
cm,l "

mo = Ko X on I, (20)

DyVeyg-ny =D Vey, - ny on I’ (21)

wheren={%,l}

The corresponding energy minimisation problem can be expressed as:

min  J(cp 0, Cm1)
€m,0-Cm,1 : i

where

1
1
J(Cm,O’ cm,]) = Z A EDivcm,i ) ch,i - S[ ) cm,i dx (22)
i=0 i

To enforce the non-linear interface condition, the functional is augmented with a quadratic penalty term:

ny 2
1 & L1
Ea/r <cm’0—K0 (KL1> ) ds (23)
where « is a penalty parameter controlling the strength of the constraint. This leads to the following weak formulation by finding the optimality

conditions: Find ¢,y € V(). ¢y, € V(£2)) such that:

1

3 (/.

i

.1 n KO .1 n—1
+a/r<ch0—K0 <%]> ><U0—nf1 <%|> vy | ds=0.

This energy-based approach incorporates nonlinear interface conditions into a minimisation problem that can be solved efficiently within the
finite element framework. The penalty term enforces the interface constraint weakly, allowing a controlled approximation while maintaining
computational stability.

D;Vey;- Vo, — Sy, dx>
@24

5.2.2. Change of boundary condition
An alternative penalty formulation is to impose the condition directly as a Robin-type boundary condition on both sides of the interface:

c n
—DyVepo-ng =@ <ch0 - K, (%‘) > on T, (25)
1
Cm,l "
=D\Vey g =a|cyo— Ky 7] on I’ (26)

This formulation enforces the interface condition in a weak sense.
Starting from the strong form, multiplication by the corresponding test functions and integration by parts yields the weak formulation

1

C. n
Y </ DVe,; - Vo, — Siv, dx) +a/ <cm’0 ~K, ( Il;l ) > (Vg — ;) ds = 0. @7
i=0 Q; r 1

6. Boundary conditions

FESTIM v2.0 provides a comprehensive set of boundary condition treatments. These range from simple fixed concentrations and prescribed
fluxes to a general framework for surface reactions, which derives boundary fluxes directly from chemical processes at material interfaces. This
breadth of functionality allows users to model both imposed concentrations and surface kinetics within the same simulation environment.
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6.1. Fixed concentrations and surface fluxes

Dirichlet boundary conditions specify the value of a species concentration at a boundary. This imposes a constant concentration at the selected
location throughout the simulation, which can be used to model perfect sinks, imposed gas-side conditions, or fixed inventory states. FESTIM offers
several convenience classes to help users define common fixed-value conditions. These include options for deriving boundary concentrations from
pressure-based relationships, such as Sievert’s or Henry’s law, in which the surface concentration depends on the gas pressure and the material’s

solubility.
More generally, users can prescribe any arbitrary function of space, time, and temperature to define a fixed boundary value. This is particularly

useful in simulations with time-dependent values or temperature-evolving conditions:

1| my_custom_value = lambda x, t, T: 2 % x[0] + 3 % t*x2 + 4 % T
3/my_fixed_bc = F.FixedConcentrationBC(
4 value=my_custom_value,

6)

Similarly, flux boundary conditions can be defined using the ParticleF1uxBC class. Here, the boundary condition enforces a prescribed
particle flux across the surface. Flux values may depend not only on position, time, and temperature, but also on the concentrations of one or more

species:

1/H = F.Species("H")
2/my_custom_value = lambda x, t, T, c_H: x[0] / 2 + t**x2 + 2 * T + 10 * c_H

4/my_flux_bc = F.ParticleFluxBC(

5 value=my_custom_value,

6 species=H,

7 species_dependent_value={"c_H": H}

This flexibility enables a wide range of scenarios to be represented, including time-varying injections, decaying sources, and feedback-driven
fluxes that dynamically depend on local concentrations.

6.2. Surface reactions

One of the key additions in FESTIM v2.0 is the introduction of surface reactions, a generalised framework for defining species fluxes at
boundaries. This extends the reaction-based approach described in Section 4.2 to surfaces, allowing users to describe a wide range of physical
processes through chemical kinetics. A surface reaction is defined by specifying the reactants and products, along with forward and backwards rate
constants. For example, a general surface reaction may be written as:

k
A +B:_—P__—’C. (28)

Users define such reactions using the SurfaceReaction class:

1/A = F.Species("A")

2/B = F.Species("B")

3/C = F.Species("C")

4

s| reactl = F.SurfaceReaction/(
6 surface=1,

7 reactant=[A, B],

8 product=[C],

9 k_r0=k,

10 k_dO=p,

The resulting flux is evaluated automatically and applied as a Neumann-type boundary condition:
R = kcpcg — pec- (29)

This framework can be used to describe recombination and dissociation processes, such as:
K,
H+H—H, (30)
Kq
Forward and backwards rates can be expressed with Arrhenius-type laws. The flux is therefore expressed as:
Iy - = 2K, — K, Py,) 3D
Where Py, is the partial pressure of H, in units Pa.

10
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Surface reactions can involve multiple isotopes, enabling more complex pathways such as:

K1
H+He—=H,, (32a)

d1

K2
T+T—T,, (32b)

Kaz

K3
H+ T——HT. (32¢)

d3

The corresponding fluxes for H and T can then be expressed as:

Iy - =2(K, e = Ky1Py,) + Kizeper — Kyz Pur (33)
Jr-n=2Kpei - KppPr,) + Kysener — Kgz Pr (34

Each reaction is declared explicitly by the user, and FESTIM automatically applies the corresponding flux conditions:

1/H = F.Species("H")
2| T = F.Species("T")

3

4 reacl = F.SurfaceReaction/(
5 surface=1,

6 reactant=[H, HJ],

7 k_r0=K_r1,

8 k_dO=K_d1,

9

10 )

11

12l reac2 = F.SurfaceReaction(
13 surface=1,

14 reactant=[T, TJ],

15 k_r0=K_r2,

16 k_dO0=K_d2,

17

18| )

19

20| reac3 = F.SurfaceReaction(
21 surface=1,

22 reactant=[H, T],

23 k_r0=K_r3,

24 k_d0=K_d3,

26/ )

Finally, isotopic exchange can also be modelled. For example:
T+H,—HT+H (35)

In cases where one species dominates (e.g. Py, > Pyr), the reverse reaction may be neglected, and the process reduces to a first-order flux in T.
This can be implemented using the ParticleFluxBC class, with a user-defined expression based on local tritium concentration and a fixed H,

background.
7. Multi-species validation

To assess the multi-species transport capabilities of FESTIM v2.0, a validation case based on the co-permeation of hydrogen and deuterium
through a palladium membrane is presented [47]. This case is drawn from well-characterised permeation experiments and is documented in detail
in the FESTIM 2.0 verification and validation (V&V) report [40]. It provides a stringent validation exercise by simultaneously probing coupled
multi-species bulk diffusion and isotope-dependent surface reactions within a single experimental configuration.

The validation problem considers hydrogen isotope permeation through a palladium membrane at elevated temperatures. The original
experiments were first conducted in a single-species configuration, with pure D, supplied to the upstream side and vacuum maintained downstream.
They were subsequently extended to a co-permeation regime, in which both H, and D, were present upstream, resulting in mixed-isotope transport
and surface reactions. In the co-permeation regime, the following physical processes occur:

» Molecular dissociation of H, and D, at the upstream palladium surface,
» Bulk diffusion of atomic H and D through the palladium lattice,
+ Surface recombination on the downstream surface, producing H,, D,, and HD.

This configuration explicitly exercises FESTIM v2.0’s multi-species transport framework, including the simultaneous treatment of multiple atomic
species in the bulk and multiple molecular species formed through surface recombination reactions.
Surface dissociation and recombination processes are modelled using temperature and isotope-dependent rate coefficients extracted from the

published report [74]. The molecular dissociation coefficient is given by

22
_ 2.1897x 10 m2s' Pa~!, (36)

VMT

11

Ky
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where M is the molecular mass in atomic mass units (amu) and T is the temperature in kelvin. The recombination coefficient is defined as

K

2502 x 10724 11836 4 1
= exp( ) m's .

' VMT T

These expressions are applied consistently for H-H, D-D, and mixed H-D surface reactions.

(37

As an initial validation step, pure D, permeation through a palladium membrane is simulated. Two membrane thicknesses are considered
(0.025 mm and 0.05mm), and simulations are performed at 825K and 865 K. The evolution of the downstream D, flux as a function of upstream D,
pressure is shown in Fig. 3. FESTIM v2.0 predictions are in good agreement with the experimental measurements across the investigated pressure

range. At higher upstream pressures, the slope of the experimentally measured flux changes, indicating a transition to a diffusion-limited permeation
regime.
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Fig. 3. Evolution of the downstream D, flux as a function of upstream D, pressure for pure D, permeation through palladium.

The simulations are then extended to the co-permeation regime. At each surface, dissociation and recombination reactions are defined for the
H-H, D-D, and H-D pairs, allowing for the formation of H,, D,, and HD molecules on the downstream surface.

The resulting downstream fluxes of H,, D,, and HD as a function of the effective upstream deuterium pressure are shown in Fig. 4. Overall,
a reasonable agreement is observed between the FESTIM v2.0 simulations and the experimental data, demonstrating FESTIM v2.0’s capability to
model coupled multi-species bulk transport and surface chemistry.
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Fig. 4. Evolution of the downstream H,, D,, and HD fluxes as a function of upstream D, pressure in the co-permeation regime.

Further improvement in quantitative agreement could potentially be achieved by treating surface reaction rates and bulk diffusivities as
adjustable parameters and performing a systematic parameter optimisation. However, such an approach would require more precise experimental
measurements of upstream partial pressures, particularly in the co-permeation regime, to adequately constrain the model parameters.

Despite these limitations, this validation case demonstrates that FESTIM v2.0 can robustly simulate multi-species hydrogen isotope transport,
including isotope-dependent surface recombination and mixed-molecule formation, making it a strong benchmark for validating advanced transport

capabilities beyond single-species permeation. Additional validation cases are documented in [40] and are continuously updated as part of the
broader verification and validation effort.

12
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8. Performance benchmark

To illustrate the benefits of the new implementation in FESTIM v2.0, we consider the Diffusion: multi-material benchmark case from the
FESTIM verification and validation (V&V) book [40], available at festim-vv-report.readthedocs.io/en/latest/verification/mms/discontinuity.html,
an example field produced by this test case can be seen in Fig. 5. This case was selected because it highlights two essential aspects: (i) it directly
probes the treatment of material interfaces, which represented a bottleneck in FESTIM v1, and (ii) it has been deliberately configured to run for
long physical times on a sufficiently large mesh, thereby exposing performance differences between the available interface treatments. The same
example has also been shown to scale well numerically, as documented on the example’s page.

60
Is.o

40

30

10

00
10

L
. 20

Fig. 5. Multi-material test case hydrogen field solution.

Hydrogen concentration (m~?)

The benchmark simulates 2D hydrogen diffusion across a multi-material system in the transient mode. The simulation was run on a uniform
300 x 300 mesh of the unit square, with a time step of 0.1 s and a total simulation time of 200s. All simulations were executed on a single core
of a workstation equipped with an Intel(R) Core(TM) i9-285 K CPU (3.70 GHz) and 191 GB of RAM. This hardware choice (a Windows workstation
rather than a high-performance computing cluster) was deliberate, as it reflects the environment in which most FESTIM users currently operate.
Each configuration was repeated ten times, and the mean runtime was recorded. In FESTIM v1, the only available interface treatment was the
change-of-variable method. FESTIM v2.0 retains this method for continuity with legacy studies and introduces alternative methods (see Section 5).

FESTIM vl required an average runtime of 1256.4s to complete the case (see Fig. 6). With the reimplemented change-of-variable method in
FESTIM v2.0, runtime was reduced to 113.5s, corresponding to an approximately 11x speedup. The discontinuous Galerkin approaches offered

further improvements, achieving average runtimes of 81.1s with the penalty method and 88.1s with the Nitsche method, both around 15x faster
than FESTIM v1.

1256.4 s

FESTIM v1
FESTIM v2
H3ss 8115 88.1s
Change of Change of Penalty Nitsches
Variable Variable

Fig. 6. Comparison of average runtimes for the Diffusion: multi-material benchmark case [40] using FESTIM v1 and v2.0 with different interface treatments.
Results are averaged over ten runs.

These results demonstrate that FESTIM v2.0 delivers both greater flexibility and substantial improvements in computational performance. The
change-of-variable method remains useful for continuity with legacy work but becomes less practical in large-scale, engineering-focused studies. By
contrast, the discontinuous Galerkin formulations provide robust enforcement of interface conditions while reducing runtimes by almost an order
of magnitude relative to FESTIM v1. As part of the ongoing development of FESTIM v2.0, a performance benchmark test suite will be established
to systematically verify both numerical scaling and parallel scaling, in line with the design principles of DOLFINx [75]. For the present work,
however, such parallel performance studies were outside the scope of this paper. Nevertheless, this step change in efficiency enables high-fidelity

13
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simulations of engineering-relevant components, paving the way for multiphysics workflows, uncertainty quantification, and reactor-scale modelling
with FESTIM v2.0.

9. Multi-physics coupling

FESTIM’s ethos in multi-physics modelling is to provide a robust and efficient hydrogen transport solver that integrates seamlessly with
specialised external solvers, rather than reproducing their functionality. This approach prioritises interoperability, allowing FESTIM to be combined
with established tools for heat transfer, fluid dynamics, and neutron transport.

To facilitate this interoperability, FESTIM v2.0 is accompanied by new companion packages developed within the FESTIM-dev ecosystem:
openmc2dolfinx (https://github.com/festim-dev/openmc2dolfinx) and foam2dolfinx (https://github.com/festim-dev/foam2dolfinx). These
libraries provide dedicated workflows for importing fields from OpenMC and OpenFOAM into the DOLFINx framework, enabling users to couple
FESTIM directly with neutronics and CFD solvers.

Fig. 7 illustrates this philosophy: external codes generate fields such as temperature, velocity, or tritium generation, which are then passed
through dedicated coupling tools to FESTIM. By focusing on extensibility and interoperability, FESTIM allows users to build multi-physics workflows
tailored to their applications without compromising computational efficiency.

Neutronics CFD
Nuclear heatin
9 OpenMC : OpenVFOAM
Tritium generation Temperature  Velocity

3
R \o'"
s

Fig. 7. Fields passed between OpenMC, OpenFOAM, and FESTIM using the openmc2dolfinx and foam2dolfinx packages. This setup demonstrates FESTIM’s
extensibility and its ability to interoperate with specialised solvers in multi-physics workflows.

9.1. Coupling CFD codes to FESTIM

FESTIM can incorporate velocity and temperature fields obtained from external CFD solvers to model advection-dominated hydrogen transport.
However, CFD solvers such as OpenFOAM and finite element frameworks such as DOLFINx use different mesh and data formats, making direct
interoperability non-trivial. To bridge this gap, the foam2dolfinx package was developed within the FESTIM-dev ecosystem. It enables FESTIM
to use CFD fields directly by providing a lightweight interface between OpenFOAM and DOLFINXx.

9.1.1. foam2dolfinx

The foam2dolfinx package streamlines FESTIM-OpenFOAM coupling by converting OpenFOAM fields into DOLFINx functions. It reads case
files (. foam) and converts selected fields (e.g. velocity, temperature, turbulent viscosity) into dolfinx.fem.Function objects that can be used
directly in FESTIM solvers.

Internally, foam2dolfinx uses PyVista’s POpenFOAMReader [76] to parse OpenFOAM outputs and reconstruct an equivalent DOLFINx mesh
by matching OpenFOAM cell connectivity to DOLFINx element topology. Supported cell types include tetrahedra (VIK type 10) and hexahedra
(VTK type 12). This direct mapping of cell and vertex connectivity is significantly more performant than interpolation, while still preserving fidelity
to the OpenFOAM solution. Fields can be taken at specified timesteps, and subdomains can also be targeted if required, allowing both steady-state
and transient simulations to be handled naturally.

A minimal example is shown below:

1 from foam2dolfinx import OpenFOAMReader
import festim as F

w N

4/my_reader = OpenFOAMReader (filename="my_case.foam", cell_type=12)
s/ velocity_field = my_reader.create_dolfinx_function(t=2.5, name="U")

9| F.AdvectionTerm(
10 u=velocity_field

14
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Here, the OpenFOAM reader loads the velocity field U at simulation time = 2.5s and converts it into a dolfinx.fem.Function. This field
is then passed directly into FESTIM’s advection term, allowing seamless coupling between the two codes. In practice, this workflow is efficient
and straightforward: OpenFOAM performs the fluid simulation, foam2dolfinx converts the relevant fields, and FESTIM natively uses them in
hydrogen transport calculations.

9.1.2. Lid-driven cavity example

The lid-driven cavity (LDC) setup consists of a square domain with a side length of L = 0.1 m. No-slip boundary conditions are applied on the left,
right, and bottom walls, while the top wall moves with a constant horizontal velocity U = 1 ms~'. The problem is governed by the incompressible
Navier-Stokes equations for a viscous fluid, solved in transient mode up to ¢ = 2.5s. The velocity boundary conditions are:

u(x=0,y)=(0,0), ulx=L,y)=(0,0), (38a)
u(x,y=0)=(0,0), wu(x,y=L)=U,0) (38b)

where u = (u,,u,) is the velocity vector. Once the velocity field is computed using OpenFOAM (see Fig. 8(b)), it is exported and passed to FESTIM
via foam2dolfinx.

For the FESTIM model, the domain is assumed to be filled with a fluid with a diffusion coefficient of 5 x 10~*m?s~!. A constant temperature
of 500K is imposed, together with a uniform volumetric source term of 10m~2s~!. The outer boundaries are set to a fixed concentration of zero,
and the problem is solved in steady state. The mesh used for the hydrogen transport calculation is refined relative to that used in the OpenFOAM
simulation. Interpolation of the velocity field onto the FESTIM mesh is performed using native DOLFINx functionality that efficiently supports
non-matching meshes.

The concentration fields in Fig. 8 highlight the influence of advection on the transport process. Without advection, diffusion dominates,
producing a symmetric profile with peak concentration at the centre and gradual decay to the zero-concentration boundaries (see Fig. 8(c)). With
advection, species are transported more rapidly to the boundaries, and the concentration distribution follows the recirculating cavity flow (see Fig.

8(d)).

u=Uv=0
n
n
E
u=v=0 u=v=0 2
g
(7]
-
u=v=0
| N
\ L 1

(b) Velocity field from OpenFOAM

species concentration (m~3)
species concentration (m~3)

(c) Species concentration without advection (d) Species concentration with advection

Fig. 8. LDC benchmark: geometry, velocity field, and comparison of species concentration fields with and without advection.
This example demonstrates the FESTIM-OpenFOAM workflow. While the LDC problem is a simplified benchmark, it clearly illustrates how
velocity fields can be incorporated into hydrogen transport calculations. With foam2dolfinx, the same approach extends naturally to more

complex geometries and multi-physics scenarios, reinforcing FESTIM’s extensibility and interoperability.
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9.2. Coupling neutronics codes to FESTIM

In nuclear fusion systems, neutron and photon transport determine necessary source fields for hydrogen transport, most notably tritium
generation and nuclear heating. Such fields are typically computed using Monte Carlo transport codes, such as OpenMC [37], which tally spatial
distributions of reaction rates and export the results in VTK format. The openmc2dolfinx package, developed within the FESTIM-dev ecosystem,
provides a direct method for importing these tallies into FESTIM simulations. By converting OpenMC outputs into dolfinx.fem.Function
objects enable nuclear source terms to be mapped seamlessly into hydrogen transport calculations without manual preprocessing.

9.2.1. openmc2dolfinx

The openmc2dolfinx package was developed to facilitate the transfer of OpenMC results into FESTIM. It reads .vtk files produced by
OpenMC tallies and converts selected quantities (e.g. tritium generation rates, nuclear heating, or reaction scores) into dolfinx.fem.Function
objects. These fields can then be used directly in FESTIM simulations.

Internally, the package relies on PyVista’s VTKDataSetReader to parse OpenMC outputs. Because OpenMC tally values are constant within
each mesh cell, the conversion process is more straightforward than for fields produced by CFD (velocity, temperature): values are mapped cell
by cell onto an equivalent DOLFINx mesh without interpolation. Both structured (hexahedral) and unstructured (tetrahedral) tally meshes are
supported via dedicated reader classes. This ensures that OpenMC results can be imported into FESTIM efficiently while preserving the fidelity of
the transport solution.

A minimal example is shown below:

1| from openmc2dolfinx import StructuredGridReader
2, import festim as F

/| reader = StructuredGridReader ("tally_results.vtk")
s/ t_gen_field = reader.create_dolfinx_function(data="(n,Xt)")

o/ Tritium = F.Species("T")
10/ my_source = F.Source(

11 species=Tritium,

12 value=t_gen_field

13

14] )

Here, the tritium generation tally (n,Xt) is read from an OpenMC . vtk file and converted into a dolfinx.fem.Function. This field is
then passed directly to FESTIM as a source term for tritium transport.

9.2.2. Lithium cube example

To demonstrate the use of openmc2dolfinx, a benchmark was carried out on a simplified geometry: the irradiation of a lithium cube. This
example demonstrates how neutron transport calculations from OpenMC can be imported into FESTIM for tritium transport.

The OpenMC model consists of a lithium cube with a side length of 120 cm surrounded by a vacuum boundary. A monoenergetic point source
of 14.1 MeV neutrons is placed 10cm outside the cube along the z axis, emitting isotropically. The FENDL 3.1d nuclear data library is employed,
and tritium generation is tallied using the (n,Xt) reaction score on a regular 30 x 30 x 15 mesh. The resulting 3D tritium generation field is
exported in VTK format.

In FESTIM, this field is imported via openmc2dolfinx and converted into a tritium transport source term. The OpenMC tallies are produced
on a structured hexahedral mesh. An equivalent hexahedral mesh is generated in dolfinx, which enables direct mapping of the tally values.
In this example, the tritium transport is solved on a refined tetrahedral mesh that is denser than the original tally grid. dolfinx performs the
interpolation between the hexahedral and tetrahedral discretisations, illustrating how fields can be transferred between meshes of different cell
types (see Fig. 9). This interpolated source term is then used in the hydrogen transport simulation. The cube boundaries are set to zero concentration,
the temperature is fixed at 300K, and the problem is solved in steady state.
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5.0e-6
4.0e-6
3.0e-6
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1.0e-6
0.0e+

) Tritium generation field from OpenMC (b) Steady-state tritium concentration from FESTIM
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Tritium generation (cm~3s™1)
Tritium concentration (m~3)

5.0e-5

0.0e+

Fig. 9. Coupling of OpenMC and FESTIM in the lithium cube example: tritium generation tallied in OpenMC (left) and resulting concentration field computed
by FESTIM (right).
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This example illustrates the workflow for coupling OpenMC and FESTIM using openmc2dolfinx. While the lithium cube setup is simplified,
it shows how nuclear source fields can be imported directly into FESTIM and used in hydrogen transport calculations. The same workflow extends
to reactor-relevant cases, such as breeding blankets, where neutron fluxes govern tritium production and nuclear heating.

10. Conclusions

FESTIM v2.0, an open-source finite element framework for modelling hydrogen isotope transport in fusion-relevant materials, has been
presented. The new release builds on earlier versions while introducing major extensions in scope and usability. The revised formulation adopts a
modular structure that supports multi-species transport and a wide range of physical processes, including multi-level trapping, isotope exchange,
decay, and advection. Flexible treatments of interfaces and boundary conditions further extend the range of systems that can be represented within
a single framework. On a representative multi-material diffusion benchmark, FESTIM v2.0 achieves speedups of up to approximately 15x relative
to FESTIM v1, reflecting the improved numerical formulations and a redesigned software architecture.

Beyond the physics, FESTIM v2.0 incorporates a refactored architecture designed for transparency, reproducibility, and ease of adoption. Im-
proved documentation, version control, and continuous integration practices provide a sustainable foundation for community-driven development.
Comprehensive export and post-processing options facilitate direct comparison with experiments and integration with multiphysics workflows.

Together, these advances establish FESTIM v2.0 as a versatile and sustainable platform for hydrogen transport studies in fusion materials.
By lowering barriers to entry and providing a reliable computational backbone, the framework enables investigations ranging from fundamental
science to engineering-scale tritium management. Future developments will focus on extending physical capabilities, broadening validation, and
strengthening collaboration across the growing user community.
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