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FOREWORD
The numerical modelling of steel casting and solidifica-
tion has become an essential discipline in modern met-
allurgical engineering, enabling the prediction of pro-
cess behavior, optimization of industrial operations, and 
prevention of defects that impact steel quality. Over the 
past decades, increasingly sophisticated computational 
approaches have been introduced, allowing researchers 
and engineers to simulate heat transfer, fluid flow, micro-
structure evolution, and defect formation with unprece-
dented accuracy.
Today, numerical models serve not only as design and di-
agnostic tools but as integral components of digital eco-
systems that connect simulations with real casting oper-
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ations through advanced sensors, real‑time monitoring, 
and data‑driven optimization. In this evolving landscape, 
the competencies of research institutions, industrial lab-
oratories, and technology providers play a crucial role, as 
they shape the development and adoption of innovative 
modelling techniques across different regions.
The following section provides an overview of the fun-
damental physical phenomena involved in steel casting 
modelling, alongside the main numerical approaches 
used in research and industry. Subsequently, a geograph-
ic mapping of leading expertise is presented, highlight-
ing centers of excellence and the regional distribution of 
modelling capabilities worldwide.

CASTING MODELLING SCENARIO
Numerical methods for modelling steel casting and solid-
ification include the Finite Element Method (FEM), Finite 
Volume Method (FVM), Cellular Automata (CA) and Phase 
Field Models (PFM). 
The key phenomena in steel casting modelling can be list-
ed as follows. 
•	 Heat Transfer, governing the solidification rate and 

significantly influencing the grain structure. 
•	 Fluid Flow, affecting heat transfer, solute distribution, 

and inclusion behavior, via key mechanisms as natural 
and forced convection (e.g., due to electromagnetic 
stirring) and buoyancy-driven flow, which influence 
the flotation of non-metallic inclusions. CFD models 
are extensively used to study the impact of turbulent 
flow on solidification and simulate mold flow dynam-
ics, including turbulence and electromagnetic effects. 

•	 Solidification, determining the internal structure of 
steel (e.g., columnar or equiaxed grains). Accu-rate 
modelling requires coupling thermal and fluid flow 
models, often incorporating Darcy’s law, to describe 
the flow in the mushy zone. 

•	 Solute Redistribution and Microsegregation, affecting 
the mechanical and chemical properties of the final 
product and requiring careful modelling approaches 
to ensure quality control. 

•	 Precipitates, Inclusions and Defect Formation, linked 
to product quality and object of problem solv-ing. 

The development and adoption of commercial and 
open‑source computational tools have significantly ad-
vanced the modelling of steel casting processes. These 
tools implement momentum, heat, and solute con-serva-
tion equations in user‑friendly interfaces. Recent innova-
tions in steel casting and solidification model-ling include 
advanced computational techniques (e.g., multi-physics 
simulations and high‑performance computing), as well 
as machine learning (ML) and artificial intelligence (AI), 
which are increasingly being used to predict casting de-
fects, optimize process parameters, and analyze large 
datasets from simulations and experiments. Real‑time 
monitoring through digital twins, acting as virtual replicas 
of casting processes, enables online process supervision 
and optimization. 
To substantiate the regional classification, criteria were 
taken by assuming quantitative indicators from peer‑re-
viewed technical literature and reproducible bibliomet-
rics (Scopus/Web of Science, 2011–2025). In-dicators in-
clude scientific output, institutional presence, industrial 
competence (plant‑validated model-ling/digital twins), 
software & technology development, and participation in 
technical networks. The indica-tors shown in table 1 were 
identified, normalized to a 0-5 scale by dividing by the 
maximum value across all regions.

Publications from 2011–2025 (inclusive) were considered, 
ensuring sufficient temporal coverage for contin-uous 
casting modelling developments including CFD, FEM/
FVM, multiphase modelling, thermo mechanical cou-
pling, and emerging digital twin applications (well repre-
sented in the literature from ~2018 onward). Ex-amples 
include peer reviewed works on advanced multiphase 
models (e.g., CFD DBM VOF) and plant vali-dated digital 
twin control systems for bloom casters, software orient-
ed modelling papers (ProCAST, MAG-MAsoft, FLOW 3D, 
etc.), and University/RTO outputs in casting modelling 
conferences. 
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Tab.1 - Indicators identified for region skill classification on casting modelling.

Indicator Description

Scientific Output
# of publications in the fields of CFD, FEM, FVM, CA, PFM, solidification modelling, and casting 
process simulation; presence of internationally cited papers and recurrent authorship in high 
impact metallurgical journals

Institutional Presence
Existence of universities, research centers, or laboratories with dedicated groups in casting 
modelling, metallurgical process simulation, or materials solidification research; participation in 
multinational research programs (e.g., EU Horizon projects, industrial consortia

Industrial Competence
Activity of steel plants, technology suppliers, or engineering firms implementing advanced 
numerical modelling (e.g., virtual casting, mold simulation, inclusion behavior modelling); use 
of commercial or proprietary modelling tools at the industrial level

Software & Technology 
Development

Contribution to the development of CFD/FEM software used in metallurgy (commercial or open 
source); specialized industrial suppliers producing simulation tools for casting and solidification.

Standards & Networks Participation in industrial/technical committees/networks (AIST, SEAISI, etc.)

In fact, a classification based exclusively on publicly ac-
cessible evidence (peer reviewed publications, technical 
reports, and documented industrial case studies) may 
have under-represented actual competence in regions 
where advanced modelling is conducted predominantly 
within industry or in non-indexed chan-nels. 

The arising classification in table 2 below was then re-elab-
orated based on Real Competence / Technologi-cal Skill. 
A typical example is Latin America. Here, Brazil ( see long 
tradition in metallurgical modelling, process simulation, 

and computational engineering CSN, Gerdau, ArcelorMit-
tal Tubarão, Usiminas, as well as strong steelmaking and 
modelling groups in Brazilian universities -USP, UFMG, 
UFOP, UFRGS) and Ar-gentina (e.g., Tenaris/Techint 
group, Tenaris R&D in Campana and the Tenaris/universi-
ty collaborations in Argentina & Italy) host highly capable 
industrial and R&D teams with long standing practice in 
continuous casting simulation and process model-ling; 
however, much of this work is proprietary and therefore 
not fully reflected in bibliometric indicators.

Tab.2 - Classification of Research and Industrial Expertise in Steel Casting Modelling.

Region Skill based
Classification Why

Europe Very High Long history, strong RTO network, advanced solver development, industrial 
adoption.

East Asia  
(China, Japan, Korea) Very High Strong computational modelling + extensive industrial DT implementation 

[7]. 

North America High / Very High Strong Level 2/3 systems, CFD/ML expertise, large steel producers 
with modelling teams [8].

South Asia (India) Medium Large academic modelling base, some industrial adoption [9].

South East Asia Medium Growing competence but uneven across countries [10].

Latin America Medium
Strong industrial modelling culture (Tenaris, Gerdau, Usiminas), but largely 
internal and unpublished—competence is higher than literature suggests 
[11,12].

Middle East Low–Medium Modernizing steel sector but modelling mostly imported.
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Global Positioning of European Expertise. Europe is in-
ternationally recognized for its highly advanced capabil-
ities in the development, validation, and industrial im-
plementation of numerical models for steel continuous 
casting. Over the past decades, the European research 
and industrial ecosystem has consolidated a leadership 
position, supported by extensive scientific production, 
long‑standing academic–industry collaboration, and 
structured investment through EU funding programmes 
such as the Research Fund for Coal and Steel (RFCS). This 
combination has enabled Europe to move beyond pure-
ly theoretical modelling efforts and to translate advanced 
simulation methodologies into robust, operational tools 
widely adopted across industrial plants.

In approximately the last three decades [2], about 35 
EU‑funded projects have been developed involving cast-
ing modelling, roughly half of which were core R&I proj-
ects explicitly focused on modelling for steel continuous 
casting (Main Topic “Modelling”), with the remainder in-
cluding modelling‑centric accompanying measures. The 
most involved countries—listed in order of participa-
tion—are Germany, Italy, Austria, Spain, Belgium, Swe-
den, France, the United Kingdom, Finland, and the Neth-
erlands.
The maturity of European expertise is reflected not only 

in the depth of fundamental research—covering thermo-
dynamics, fluid flow, microstructure evolution, and de-
fect prediction—but also in its strong orientation toward 
applied problem‑solving. European groups have been 
among the first to integrate high‑fidelity numerical simu-
lations, data‑driven approaches, and digital‑twin technol-
ogies into real production environments. As a result, Eu-
rope positions itself at a remarkably advanced level in the 
development, validation, and industrial deployment of 
numerical models for steel continuous casting, demon-
strating a clear ability to bridge scientific innovation with 
practical implementation.

Furthermore, the widespread use of advanced compu-
tational tools, coupled with strong industrial capabili-
ty in adopting simulation‑based decision‑making, has 
strengthened Europe’s role as a global reference point for 
modelling‑oriented process optimization. The integra-
tion of modelling with digital manufacturing and automa-
tion is expected to further increase the demand for spe-
cialized skills while reinforcing Europe’s competitiveness 
in the international steel sector.

Figure 1 shows a simplified geographic elaboration after 
mapping the most prominent competencies in steel cast-
ing and solidification modelling categorized by country. 

Fig.1 - Regional Patterns of Casting Modelling Competence within Europe. Legenda: a = academic frame; v = code 
developers; RTO = research centers.
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This visual overview highlights the regional distribution of 
specialized expertise across Europe and beyond. In recent 
years, there has been a noticeable pivot from foundation-
al research toward the deployment of models in industrial 
practice. Europe currently stands at the forefront of global 
expertise in this domain, facilitating a shift from theoreti-
cal exploration to applied problem‑solving and operation-
al enhancement, also supported strongly by EU funding 
programmes such as the Research Fund for Coal and Steel 
(RFCS).
As examples of cutting-edge simulations and European 
leadership, multi-physics coupling—turbulent mold flow 
(RANS/LES), heat transfer, solidification and thermo-me-
chanical stress—has matured into workflows that track 
defect precursors such as strain localization near corners 
and the mechanisms of oscillation-mark formation, while 
also resolving mushy-zone transport (Darcy law), inclusion 
flotation and steel–slag interactions under electromagnetic 
stirring (EMS). These capabilities, developed and dissem-
inated through EU-funded activities and expert centres1, 
have moved beyond single-physics models to actionable 
tools for powder practice, taper and EMS set-point optimi-
zation [3, 6].
Moreover, Europe has pushed research-grade models 
into plant service via industrial digital twins. These envi-
ronments connect CFD/solidification/thermo-mechani-
cal solvers with real-time measurements to support cast-
ing-speed tuning, breakout-risk mitigation and defect 
prediction; they explicitly account for argon injection, 
curved casters, taper & friction, oscillation kinematics and 
EMS/brake fields, enabling fast what-if analyses aligned 
with production schedules [4,6]. 
Most challenging aspects to model. Despite the progress, 
several topics remain inherently difficult and are active fo-
cuses of European work: (i) crack prediction (surface/sub-
surface/corner), which demands accurate high-tempera-
ture material laws, contact/friction in the mold and tightly 
coupled thermo-mechanical–flow solvers; (ii) oscillation 
marks, slag infiltration and rim build-up, which require 
coupling transient level fluctuations, slag rheology/solid-
ification and mold heat-flux reconstruction; (iii) argon-lad-
en, turbulent mold flow under EMS, where two-phase clo-

sures and electromagnetic body forces must be validated 
against plant measurements; and (iv) macrosegregation 
driven by mushy-zone permeability, shrinkage/feeding 
and columnar–equiaxed transitions, often addressed with 
CA/phase-field couplings. Progress on these fronts is doc-
umented in European-led studies and remains central to 
industrial defect control (examples on [3, 4, 5]).

CONCLUSIONS 
An overview has been presented of the research and devel-
opment activities related to continuous casting modelling 
worldwide and across Europe. Europe currently stands at 
the forefront of global expertise in this domain, facilitating a 
shift from theoretical exploration to applied problem‑solv-
ing and operational enhancement.
In recent years, there has been a noticeable pivot from 
foundational research toward the deployment of models 
in industrial practice. The EU funding programmes, e.g., 
the Research Fund for Coal and Steel (RFCS), have played a 
relevant role by contributing significantly to consolidating 
stakeholder involvement and promoting a modelling‑ori-
ented research culture.
The evolution of modelling applications has progressed 
from process enhancement to advanced control and, more 
recently, to real‑time monitoring and automation. Further-
more, the integration of modelling with digital technolo-
gies is expected to drive demand for a more highly skilled 
workforce. In this context, the precision in simulating 
physical phenomena and the deepening of process knowl-
edge have become increasingly crucial, underpinning the 
reliability of advanced modelling tools, supporting efficient 
production management, and strengthening the global 
competitiveness of European actors in the steel sector. 
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