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What is MOOSE?
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● Open source parallel C++ FE framework from 

Idaho National Laboratory (INL)

● Large user community 

(~2.1k on GitHub)

● Wide range of existing validated physics 

modules

● Scalable to O(104) CPU cores

● Simple interface - no a priori coding 

knowledge required 
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● Of particular note is MOOSE’s 
modularity through app and sub-
app transfers.

● Allows for composable multiscale 
multiphysics.

● Crucial for complex fusion 
applications.

MOOSE transfers
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libMesh
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Alas, libMesh has significant drawbacks:

● Limited support for H(curl) and H(div) vector FE types 

(e.g. Dirichlet BCs for ND1 and RT FEs not supported)

● Only full-matrix assembly supported

● No native GPU support (although MOOSE devs have a 

Kokkos implementation)
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What is MFEM?

● Open source parallel C++ FE library from 

Lawrence Livermore National Laboratory 

(LLNL)

● Large user community 

(~2.1k on GitHub)

● Support for high-order ND and RT FEs, 

including Dirichlet BCs

● Support for a large number of performant 

solvers and preconditioners

● GPU support: CUDA, HIP, OCCA, RAJA
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In the last Fusion HPC workshop, our team presented Platypus, a MOOSE app 
which bypasses its libMesh backend and uses MFEM instead.

● Easy to use: no coding, MFEM coefficients can be instantiated with 
MOOSE script parsed functions.

Since early last year, however, Platypus 
has been archived and our updates have 
been merged into the MOOSE framework. 
You can now use MFEM capabilities from 
MOOSE directly.

github.com/idaholab/moose
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In the next few slides, I’d like to show some of the main developments and 
features we have introduced in MOOSE through MFEM, and touch upon a few 
things we are currently working on and will be merged soon.

● Not an exhaustive list

● Still much to do!
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Updates 
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time
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● Implements complex variables and 

square sesquilinear forms, as well as 

complex Dirichlet and integrated boundary 

conditions.

● Works with square systems that can be 

single- or multivariate.

● Particularly useful in EM wave 

propagation and Joule heating problems.

Complex Variables
Main author: Henrique B. R.
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Linear Elasticity Kernel

● Implements the bilinear form                                , 

useful for deformation problems.

Main author: Kingsley Collie

Displacement 

Magnitude
● We have used it in our gravitational loading 

simulation of the MAST-U tokamak with 

127 million elements.

● Performed solve on CPU (right) and on 

GPU (8 NVIDIA A100s, left) using MFEM in 

MOOSE.
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● MFEM SubMeshes can be used to 

define variables with DoFs restricted 

to mesh subspaces (boundaries or 

subdomains).

● Solve for a divergence-free, strongly-
defined current travelling within a 
closed coil.

● Involves the instantiation of an 
auxiliary potential within a 1-element-
wide submesh of the coil.

Closed Coil Solvers
Main author: Alex Blair
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L2-averaged inner and cross product
Main author: Ioannis Charalampidis

Cross-verification with 

commercial software

Cross-Verification for reference problems for an induction 
heating test case for HIVE.

● Frequency domain EM model with strongly constrained 
source current density in coil.

● Frequency domain EM model with global circuit 
constraints on coil.

● Support for L2-averaged inner and cross product of 

source functions projected onto an MFEM auxiliary 

variable.

● Period-averaged complex counterparts implemented 

as well.
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Ported MFEM’s adaptive mesh refinement (AMR) capabilities over to MOOSE. 

● Uses the Zienkiewicz-Zhu (Z-Z) error estimation procedure.
● Flux averaging is replaced by a global L2 projection.

Adaptive Mesh Refinement (Under Review)
Main author: Sean Baccas
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● High-order problems may be recast into a spectrally equivalent but more refined low-order 

problem.

● Scaling laws ensure that the equivalent low order problem is significantly faster to solve 

than the original high-order problem.

● At the end, solution is cast back into high-order problem.

Low-Order Refined (LOR) Solvers
Main author: Henrique B. R.
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Capabilities comparison

Last year

mfem.org/examples/

● ex0

● ex1

● ex3

● ex4

● ex16

This year

● ex0

● ex1

● ex3

● ex4

● ex5

● ex6

● ex7

● ex8

● ex9

● ex11

● ex12

● ex13

● ex14

● ex16

● ex17

● ex21

● ex22

● ex24

● ex31

● ex32

● ex35

● ex39

● ex41

17



| OFFICIAL | H. Bergallo Rocha et al.  | Fusion HPC Workshop  | 25th February 2026

(Near) Future 

Work
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(Near) Future Work
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● Nonlinear kernels, for problems such as nonlinear elasticity 

and superconductivity.

● libMesh transfers, allow for interoperability with MOOSE 

(sub)apps

● Mixed Sesquilinear forms, particularly useful for HIVE 

models involving Joule heating.

● Cross-verify our results against experimental HIVE data.

● Creation of a CoordinateSystem object to declare and store 

Coefficients related to coordinate transforms.

● Infinite elements, unlocked by the aforementioned 

generalised coordinate system.

● Discontinuous Galerkin solvers.
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Conclusion



| OFFICIAL | H. Bergallo Rocha et al.  | Fusion HPC Workshop  | 25th February 2026

Conclusion

21

● In silico de-risking of fusion reactor and experiment components is crucial for delivering viable 

fusion within a reasonable timeline and resource constraints.

● We need new scalable tools that can leverage (pre-)Exascale systems to enable engineers to 

carry out actionable multiphysics simulations.

● MFEM-MOOSE enables the solution of large-scale FE problems on CPU or GPU in the MOOSE 

FE framework using MFEM as the underlying FE backend.

● New features are being rapidly rolled out and the horizon of problems reachable with MFEM-

MOOSE is constantly expanding.

● Can already be used in production-level GPU-enabled HPC contexts.
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Thank you!

This work has been funded by the Fusion Futures Programme. As announced by the UK 

Government in October 2023, Fusion Futures aims to provide holistic support for the 

development of the fusion sector.
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