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1 Project summary

In oxy-fuel combustion, air as an oxidiser is replaced by oxygen. The flue gas then consists almost
entirely of CO2 and H>O with minor pollutants. Condensing H>O and removing pollutants yields a
CO.-rich stream for efficient CO, capture. Despite the extra energy demand for oxygen production,
oxy-fuel with carbon capture, utilisation, and storage (CCUS) enables near carbon-neutral operation.
Combined with biomass (BECCUS), it can even create a net carbon sink.

1.1 Motivation

To keep global warming within 1.5 °C — consistent with the Paris Agreement — anthropogenic CO»
emissions must reach net zero by ~ 2055. As 79 % of CO» originates from power generation and
industrial production, mitigation must prioritise these sectors. Because fossil fuels will remain a
substantial energy source through 2040, CCUS is essential. Achieving this requires major process
changes or retrofits, for which several technologies have been developed, with oxy-fuel combustion
representing an advanced option.

Today, the cement industry pursues 100 % oxygen atmospheres, whereas most applications use
mixtures of roughly 30 % oxygen with 70 % recycled flue gas. Consequently, combustion occurs in
0,/CO2/H20 atmospheres.

1.2 Objectives

Replacing the N2 fraction of air with the more chemically reactive and radiatively absorbing CO» and
H-O fundamentally alters reaction rates, gas-phase transport, and radiative heat transfer relative to air
combustion. Designing reliable, large-scale oxy-fuel systems therefore requires a deep, multi-scale
understanding across length scales from ©(10-1° m) to ©(10'-10% m) and time scales from O(10-°s)
to O(15s).

As a foundation for this understanding, the CRC/TRR 129 "Oxyflame" pursued the development of:

» A comprehensive understanding of mechanisms governing combustion of solid, pulverised fuels
in O2/CO2/H20 atmospheres.

» Generalised, validated models for combustion and transport in oxy-fuel environments that capture
the relevant effects on each scale.

» Physics-based, efficient simulation methods for the design of oxy-fuel combustion chambers,
enabling model-based design, optimisation, and sensitivity analysis.

These goals were reached by the combined theoretical and experimental expertise in solid-fuel and gas
combustion, chemistry, thermodynamics, and fluid mechanics at RWTH Aachen University (RWTH),
Ruhr-Universitat Bochum (RUB), and Technische Universitat Darmstadt (TUDa).

1.3 Structure of the CRC/TRR 129

To pursue these goals, the CRC/TRR 129 was organised in three thematic areas. The system
complexity and scale increased from A to C, while the investigated level of detail decreased. The close
interconnections of the projects and the project areas are displayed in Figures 1.1 to 1.3.

In project area A, the physico-chemical fundamentals were investigated and incorporated into kinetic
fuel conversion models. The primary goal of project area A was to deepen the understanding of
chemical and physical phenomena at the single-particle level to develop sophisticated conversion
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Figure 1.1: A area: Physico-chemical fundamentals and incorporation into kinetic fuel conversion models.
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models. These models encompassed all relevant effects that influenced pyrolysis and char conversion
processes, a challenging task due to the complexity of solid fuel structures, the wide variety of
feedstocks, and the numerous chemical reactions involved. The complexity necessitated a balance
between model accuracy and computational cost. To support the development of these models,
experimental reference data were collected under various boundary conditions. Furthermore, atomistic
multiscale simulations provided crucial data. The A area strategy is summarised as follows:

* A1 and A2 provided complementary data on kinetics and products during pyrolysis and char
conversion. A1’s fluidised bed test rig allowed observation of the entire conversion. A2 focused
on shorter timescales using laminar flow reactors. A1 and A2 managed the advanced pyrolysis
and char conversion models: Chemical Percolation Devolatilisation (CPD) for pyrolysis and Char
Conversion Kinetics (CCK).

» A3 examined the release of minority species from solid fuel and the subsequent conversion
of these species in the gas phase. Also, nitrogen species (NOy precursors) and alkalis were
included.

» A5 investigated the catalytic effect of minerals on char conversion, while A6 analysed sorption
effects in porous fuel particles.

» A7 contributed to understanding the elementary reactions of carbon with reactive gases (Oo,
COz, H20) using atomistic simulations.

» A8 developed a seamless conversion model based on the CRECK-S approach, which captures
the effect of pyrolysis conditions on initial char reactivity — an effect the step-separate CPD/CCK
approach does not cover.

Project area B focused on non-homogeneous flow and combustion processes. Building upon the
knowledge gained in project area A, the central goal of project area B was to study, understand, and
model the interaction of these phenomena with reactive flows. Relevant aspects investigated included
gas-phase chemistry, the mutual impact of flow and turbulence on particles, turbulence/chemistry
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Figure 1.2: B area: Non-homogeneous flow and combustion processes.

interactions, and particle-particle interactions. A crucial parallel effort was the development of experi-
mental techniques. Particle models and models for turbulence/chemistry interactions were formulated
and validated for pulverised biomass combustion under oxy-fuel conditions within projects B2 and
B3 (jointly with C2). These models were then incorporated into the OpenFOAM simulation environ-
ment OxySim-129 by C2. The model development efforts were supported by adjoint-based sensitivity
analysis in B8. The single projects in the B area contributed as follows:

» B1 studied gas-phase chemistry using a laminar counterflow burner.

« B2 and B3 (jointly with C2) formulated and validated particle models and models for turbu-
lence/chemistry interactions.

» B4 investigated a swirl-burner configuration with optical access, allowing for detailed velocity and
temperature measurements.

* In B5, robust laser-absorption-based measurement techniques were developed and their func-
tionality was demonstrated in the pilot-scale system.

* In project B6, models and methods for the LES-based Oxy-Sim 129 model were developed and
validated against the experiments conducted in B4.

* Project B7 provided the experimental basis for studying the effects of particle interactions on
flame ignition and devolatilisation.

» B8 assisted model development using adjoint-based sensitivity analysis.

In project area C, coupled processes were investigated. Project area C successfully addressed three
core objectives: a deeper understanding of coupled subprocesses, including radiation, the integration
of mathematical models from project areas A and B into a comprehensive model, and the validation of
this comprehensive model. The resulting comprehensive model, OxySim-129, established the bridge
to practical application, enabling a more predictive design. Validation covered a sequence of flow
processes across different scales. Project area C was structured into projects focusing on the pilot-
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Figure 1.3: C area: Coupled processes and syntheses of model development in Oxy-Sim 129.

and large-scale experiments (C1, C7), the overall model (C2), and radiation processes (C3, C4, C5,

C6).

1.4

C1 provided considerable validation data by investigating flames up to 180 kWy,, bridging the gap
between laboratory and semi-industrial scales.

C2 developed the comprehensive model OxySim-129 and integrated the large number of sub-
models from areas A and B.

C3 advanced the modeling of gas radiation and its integration into the comprehensive model.

C4 developed advanced models for particle radiation, radiation transport, turbulence-radiation
interaction, and ash/deposit influence.

C5 established the experimental investigation for radiation and scattering behavior of coal
particles as well as aspherical particles, and also investigated multiple scattering.

In project C6, the spectral emissivity of real and synthetic fuel ash for key mineral groups was
determined.

In C7 flames with 1 MWy, were investigated, allowing for a critical examination and understanding
of subprocess changes at a larger scale.

Key findings

The CRC/TRR 129 project aimed to investigate and enhance the understanding of oxy-fuel combustion
processes, particularly concerning solid fuels. The overarching goal was to develop reliable models
and simulation tools that could be applied in industrial settings to improve energy efficiency and reduce
carbon emissions.

A comprehensive experimental database was established that focused on pyrolysis and char conversion
kinetics under high heating rates for various solid fuels. This database included results from both



— solid sampling and gas-phase analysis, as well as optical measurements that provided insights
into single particle temperatures and their evolution during combustion. The influence of catalytically
active minerals (e.g., Fe, K, Na) on pyrolysis gas yields was examined, confirming their relevance in
enhancing reaction rates under oxy-fuel conditions. Detailed measurements were conducted using
time-of-flight mass spectrometry in counterflow diffusion flames. These studies investigated different
fuel blends representing volatile gases in both air and oxyfuel atmospheres. The findings led to the
development of validated, detailed kinetic models for the gas-phase kinetics of volatiles derived from
coal and biomass, which are crucial for accurate combustion modeling.

Research into coupled reaction-transport processes utilised direct numerical simulations (DNS) along-
side canonical experiments to explore how particle-laden two-phase flows behave. DNS modeling
revealed interactions between flow fields and particles, providing new insights into drag correlations
necessary for point particle approaches. Additionally, experimental studies showed changes in flame
topology when transitioning from individual particle combustion to group combustion. Cascaded experi-
ments were performed in optically accessible combustors operated with various O,/CO, mixtures to
investigate flame shape changes depending on oxidiser concentration. Unique data sets were com-
piled that not only validated existing solid fuel flame models but also aided interpretations relevant for
larger-scale industrial combustors with limited optical access.

Recognising the importance of thermal radiation effects — especially when high concentrations of H,O
and CO» are present — the project developed a weighted-sum-of-grey-gases (WSGG) model. This
model accounted for wavelength-dependent radiative properties of both — gas phase and particle
phase — leading to improved predictions of heat transfer within large-scale combustors.

The CRC/TRR 129 overall modeling framework was created as an advanced 3D computational fluid
dynamics (CFD) tool specifically designed for predicting pulverised carbonaceous solid fuels’ behavior
under oxy-fuel conditions. This framework integrates detailed kinetic models for both the solid phase
and turbulent reacting gas phase interactions while incorporating fully coupled radiation models.
Committed to open science principles, the CRC/TRR 129 ensured that its RANS simulation tools are
available as open-source software, while plans are underway for releasing OxySim-129 similarly.
Collaborative efforts extended beyond academia into industry applications, particularly within the
cement sector, where oxyfuel technology has gained traction. This led to the successful initiation of a
transfer project, based on research outcomes. The CRC/TRR 129 project has significantly advanced
knowledge regarding oxy-fuel combustion through extensive research output, innovative experimental
methodologies, robust modeling frameworks, and successful industry collaborations aimed at reducing
carbon emissions while improving energy efficiency across various sectors.
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4.1 A1 - Experimental investigations of pyrolysis and char conversion
kinetics in a well-stirred reactor under atmospheric and pressurised
conditions

4.1.1 Project members

a) Project leader(s)

« Kneer, Reinhold

b) Scientific project workers
* Askarizadeh, Hossein

» Govert, Benjamin Maximilian

Hatzfeld, Oliver

Kreitzberg, Thobias

Lotfinia, Mahshad

Pielsticker, Stefan

4.1.2 Project summary

Project A1 developed and validated detailed kinetic models for volatile release (pyrolysis) and
heterogeneous char conversion (combustion and gasification) across all fuels investigated in the
CRC/TRR 129. A redesigned batch fluidised bed reactor with time-resolved online FTIR provided
well-stirred conditions, effectively unlimited particle residence times, and exceptionally short response
times, enabling char conversion measurements in air and oxy-fuel at higher temperatures and O,
concentrations. Improved FTIR quantification resolved up to 22 pyrolysis-gas species, supporting para-
meter estimation and rigorous model calibration/validation. After elucidating boundary condition effects
(notably HoO and high O, partial pressures), the focus shifted to biomass pyrolysis of cellulose, hemi-
cellulose, and lignin. CPD-based modeling was advanced and linked to intra-particle transport (A6)
and catalytically active minerals (A5). Char-conversion kinetics for mixtures of Oz, CO,, and HoO were
pursued in close collaboration with A2. The program delivered a new pressurised reactor system and
deeper insights into high-heating-rate, moderate-temperature pyrolysis, alongside studies of char mor-
phology and pyrolysis products. Results from A2 complemented A1, yielding comprehensive TGA,
FBR, and DTR datasets that underpinned improved network models and their validation. The estab-
lished CPD (pyrolysis) and CCK (char conversion) frameworks facilitated knowledge transfer to A8 and
enabled implementation in large-scale CFD simulations.
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Sewage Sludge in Entrained-Flow Gasifiers". Chemical Engineering Research and Design 197
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4.2 A2 — Experimental investigations of pyrolysis and char conversion
kinetics in plug flow configurations with a focus on the ignition and
early char burnout phase
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4.2.2 Project summary

Project A2 delivered comprehensive oxy-fuel datasets and models for pyrolysis and char conversion, us-
ing laminar plug-flow reactors with gas/solid sampling versus residence time and optical diagnostics for
single-particle ignition and char conversion, complementary to A1’s fluidised-bed studies. It quantified
oxy-fuel (CO») effects on post-pyrolysis char porosity and reactivity (coal, biomass), derived two-step
pyrolysis models with distributed activation energies, validated them with combined optical/sampling
datasets (coal, miscanthus), and evaluated particle fragmentation against enhanced models. Focus-
ing on biomass, A2 showed how minerals control product spectra (char, gas, tar, soot) and govern
molten-like amorphous versus thermally annealed, graphitic-like carbon formation Links to feedstock
properties and pyrolysis conditions were established, catalytic contributions to flame-temperature char
conversion were quantified, and requirements for statistically robust population datasets were defined.
Pyrolysis results underpinned model development in A1 and A8, while CCK was optimized with stat-
istical particle-diameter representations, thermal annealing, catalytic effects (A5) and sorption (A6).
A fast-quench sampling probe and CFD-assisted residence-time/temperature determination enabled
atmosphere-effect analyses and CFD-ready two-step pyrolysis models. The impacts of HoO and CO»
on coal combustion kinetics were assessed, and CCK capabilities for catalytically active minerals were
improved.
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4.3 A3 - Experimental determination of reaction kinetics for the release
of chlorine and sulphur species and for the conversion of these
species in the gas phase

4.3.1 Project members

a) Project leader(s)

» Epple, Bernd

b) Scientific project workers

* Frigge, Lorenz

Schmidt, Dominik

Strohle, Jochen

Yildiz, Coskun

» von Bohnstein, Maximilian

4.3.2 Project summary

A3 investigated the release and conversion of S-, Cl-, and N-species in oxy-fuel combustion with
exhaust-gas recirculation, where negligible N> and elevated CO, concetrations are present, the volatile-
phase chemistry is altered, and corrosion risks are enhenced. Complementary TGA (intrinsic, low
heating rate) and EFR (high heating rate, high temperature) measurements delivered model-ready
datasets across fuels and atmospheres. Instrumentation was advanced from GC to GC-MS for highly
reactive S/CI compounds with higher temporal resolution, MS channels for CS; and CH3SH as well as
an FTIR spectrometer for NHz and HCN detection.

Starting from coal and extending to biomass (poplar, walnut shells; miscanthus), A3 derived two-
step pyrolysis models with distributed activation energies and developed mechanistic descriptions
of S and CI release and conversion, including mineral transformation and subsequent gas-phase
reactions. These models were transferred to the CRC/TRR 129 CFD framework C2 via A8, and kinetic
schemes were extended to S devolatilisation and S-char conversion while advancing Cl release and
N conversion. Cross-reactor comparisons with A1 and A2 established heating-rate consistency for
walnut-shell pyrolysis. Pyritic-S behavior was inferred using A5 synthetic fuel. The campaigns revealed
strong temperature dependence of S, Cl, and N release, clarified temperature- and atmosphere-driven
changes in bound S and Cl, fuel-specific shifts when switching from Nz to CO», and the formation and
conversion of NOy.
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4.4 A5 - Kinetic investigations of the effect of catalytically active
minerals in biomass-derived solid fuels on pyrolysis and char
conversion under oxy-fuel conditions

4.4.1 Project members

a) Project leader(s)

* Cerciello, Francesca

* Muhler, Martin

b) Scientific project workers
+ Béttger, Jannik
» Dudder, Hendrik
Eckhard, Till

Lotz, Katrin

Pflieger, Christin

Woitscher, Annika

Zakgeym, Dina

4.4.2 Project summary

A5 systematically quantified how biomass-relevant minerals catalyze pyrolysis and char-conversion
kinetics under oxy-fuel atmospheres, resolving dependencies on mineral identity, loading, counterions,
and interactions while tracking speciation changes during thermal conversion. A cellulose-derived
model fuel with lignite-like oxidation and multi-doped model fuels spanning mineral-free to natural
coals isolated single-mineral and interaction effects across Oz, H2O, and CO,. Thermogravimetric and
flow-through fixed-bed kinetics, heated-strip-reactor product analysis, and multidimensional pyrolysis-
GC/MS-GC/TCD (with high-temperature injector and carrier-gas CO2/H20O) quantified product spectra,
char-structure evolution, and apparent activation-energy shifts. Boiler-relevant heating rates were
achieved via a flat-flame burner with A2.

The installation of a magnetic suspension balance enabled controlled O,/CO2/H>0 environments.
Well-defined mixtures from hydrothermal carbonization and fast pyrolysis with typical minerals, together
with leached/doped biomass components, established structure-reactivity relationships. The resulting
datasets and parameters supported incorporation of catalytic effects into CPD, CCK, and CRECK-S-B
and were correlated with combustion data (A1, A2), sorption (A6), and atomistic modeling (A7),
yielding a systematic, quantitative description of mineral-catalyzed conversion in natural biomass and
fossil fuels under oxy-fuel conditions
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4.5 A6 - Determination of excess-sorptive kinetics and equilibrium
loadings of oxy-fuel gas components on solid fuels

4.5.1 Project members
a) Project leader(s)

+ Fieback, Tobias

* Richter, Markus

* Span, Roland

b) Scientific project workers
« Eisenbach, Tim
+ Seibel, Christopher

» Wedler, Carsten

4.5.2 Project summary

A6 quantified diffusion-driven sorption and pore-structure evolution in chars to mechanistically link pore-
scale transport with solid-fuel conversion kinetics. Advanced gravimetric and volumetric measurements
delivered extensive datasets on pore-surface evolution during pyrolysis and char conversion and on
adsorption/desorption kinetics for chars from biomass, coal (lignite to bituminous), and A5 model fuels.
High-temperature sorption equipment enabled equilibrium loadings up to reaction onset, including
components of oxy-fuel atmospheres (02, CO2, H20). Sensitivity upgrades resolved low-affinity
species, and an online gas chromatograph quantified selectivity for condensing components. Guided
by these data, a selective sorption model was developed that distinguishes pore regimes and provides
closed-form diffusion fluxes via partial derivatives with respect to time, temperature, and pressure;
a complementary pore-surface evolution model captures structural changes with temperature and
conversion progress. Together, they yield regime-specific effective diffusion coefficients and equilibrium
parameters for macro/meso-, micro-, and ultramicropore domains, suitable for embedding in detailed
pyrolysis and char-conversion frameworks (CPD, CCK). Validation across multiple chars and gas
species was initiated, with parameter generalization based on surface/pore characterization and fuel
composition. Collaboration with A2 supported model implementation, cooperation with A5 extended
sorption studies on synthetic fuels, and joint work with A7 provided links to molecular-scale simulations.
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4.6 A7 — Atomistic multiscale simulations of char conversion

4.6.1 Project members
a) Project leader(s)
 Hattig, Christof
« Schmid, Rochus

b) Scientific project workers

* Angenent, Vanessa

Darholt, Johannes

Schmitz, Gunnar

Schnieder, Bastian
» Warczinski, Lisa (born Gétte)

Yonder, Ozlem

Farhadi Jahromi, Babak

4.6.2 Project summary

A7 delivered ab initio kinetics and molecular-transport data to close gaps in semi-global mechanisms
for char conversion beyond experimental reach. Quantum electronic-structure calculations provided
rate constants for elementary surface reactions in char oxidation, and molecular dynamics (MD) yielded
adsorption isotherms and diffusion coefficients for Op, CO,, and H2O in nanometer-scale pores. A
multiscale protocol for char conversion was established by generalizing an automated kinetic-model
workflow from small molecules to complex char fragments and validating efficient screening methods.
Mesoscopic char structures were constructed from elemental analysis, density, infrared, and solid-state
NMR data and used to study adsorption on graphitic surfaces with varied terminations (periodic slabs)
and transport in atomistic char models; model construction assimilated structural constraints from
A5 and A6 (e.g. HR-TEM, pore-size distributions). Methods were extended to heteroatoms (S, N, P)
and biochar-relevant ions (Na*, K*, Ca?*). Biochar models templated from cellulose, hemicellulose,
and lignin captured defect-rich PAH networks with aliphatic bridges and non-six-membered rings.
Accurate kinetic parameters for these motifs were tabulated for direct incorporation into CRECK-S-B
in A8. Sorption and diffusion results supported the transport model in A6, and gas-phase pathways
for OPAHs, NPAHs, and fuel-NOy were provided to B1. Integration and cross-validation with A1, A2,
A5, A6, and B1 ensured consistency across scales and facilitated transfer via A6 and A8 to areas B
and C.
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4.7 A8 — Development of a comprehensive kinetic model for the
conversion of solid fuels in oxy-fuel atmospheres

4.7.1 Project members
a) Project leader(s)

« Hasse, Christian
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 Debiagi, Paulo Eduardo Amaral

e Xu, Wen

4.7.2 Project summary

A8 built a comprehensive kinetic framework for oxy-fuel thermochemical conversion of solid fuels that
seamlessly couples primary pyrolysis, char conversion, and secondary gas-phase chemistry, explicitly
capturing metaplast formation, thermal annealing, catalytic mineral effects, and pollutant/precursor
pathways. Starting from CRECK-S, it integrated and validated data from A1, A2, A3, A5, A7, and
B1, demonstrated accuracy for Colombian and high-sulphur American bituminous coals and Rhenish
lignite, and extended the mechanism to oxy-fuel atmospheres with S release. A machine-learning
reduced surrogate for 3D CFD was created with C2. Initial biomass applications (walnut shell)
underscored the need for robust biochemical characterization. The finalized biomass formulation
(walnut shell, miscanthus, beech wood) mirrors the coal approach with a compact set of reference
species, CHEMKIN-like files, and Arrhenius parameters, covering wide temperature/heating-rate
ranges, air/oxy-fuel atmospheres, and pressures. The model remains extensible to fuel-N and mineral
catalysis and was deployed to B3 and C2.
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4.8 B1 - Theoretical and experimental investigation on the
devolatilisation and oxidation of solid-fuel particles in a counterflow
burner under oxy-fuel conditions

4.8.1 Project members

a) Project leader(s)

 Pitsch, Heinz

b) Scientific project workers
 Baroncelli, Martina
« Beeckmann, Joachim
* Cai, Liming
» Chen, Bingjie
+ Faller, Sebastian
* Felsmann, Daniel
» Kruse, Stefan
» Langer, Raymond

* Meraviglia, Anita

4.8.2 Project summary

Project B1 investigated and modeled gas-phase kinetics of volatile biomass components under oxy-
fuel conditions through coordinated experimental and numerical studies. Molecular-beam mass
spectrometry (MBMS) at ITV and the Advanced Light Source (ALS), complemented by GC-MS, yielded
high-resolution speciation in counterflow diffusion flames, a jet-stirred reactor, a flat-flame setup, and
compressed pulverised biomass plates in stagnation-point flows. Light volatiles (methane, acetylene,
1-butene, cyclopentene) and selected tar surrogates (anisole, furfural, pyrrole, pyridine, piperazine)
were examined, including tailored mixtures to isolate cyclic formation pathways and isomer-resolved
detection. An oxy-fuel chemical mechanism was established, extensively validated against literature
and in-house data, and substantially improved. Reduced versions enabled simulations in B3, B8,
and C2. Pollutant chemistry received particular attention: pathways for oxygen-containing polycyclic
aromatic hydrocarbons (OPAH) and fuel-nitrogen NOx were identified and incorporated, supported by
measurements and quantum-chemical input from A7. Information on volatile nitrogen from A1 and A3
refined the treatment of NH3, HCN, and NO. Biomass-specific surrogate formulations for gas-phase
kinetics were developed with A8 and Prof. Tiziano Faravelli and integrated into the CRECK-S-B
framework in A8.
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4.9 B2 — Development of modelling approaches for fluid-particle
interactions in turbulent flow by direct particle-fluid simulations

4.9.1 Project members
a) Project leader(s)
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b) Scientific project workers
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« Frohlich, Konstantin

» Schneiders, Lennart

4.9.2 Project summary

Project B2 employed highly resolved direct particle-fluid simulations to resolve turbulent scales, particle
boundary layers, and wakes, and used the results to develop Lagrangian models for ellipsoidal
particles in turbulent carrier flows relevant to large-eddy simulations of combustion chambers. A high-
performance computing framework generated a large database in isotropic turbulence with up to tens
of thousands of fully resolved ellipsoids, from which turbulence-modulation behavior and deficiencies
of existing two-way coupling strategies were identified. New drag correlations across particle Reynolds
numbers and orientation-dependent dynamics were derived and integrated into improved Lagrangian
formulations. The investigation then generalized to turbulent round jets with hot co-flow, using a
setup designed for validation against B7 measurements. Isothermal and non-isothermal cases were
simulated, and deviations between ideal ellipsoids and realistic biomass particles were assessed with
B8. Hydrodynamic interaction models were combined with particle-chemistry models from B3. The
final, carefully validated Lagrangian model for ellipsoidal particle dynamics, turbulence modulation, and
heat exchange incorporated finite-size and shear-flow corrections and was provided to the OxySim-129
framework via C2, thereby enhancing predictive accuracy for CRC/TRR 129 simulations.
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4.10 B3 - Direct numerical simulation and modelling of oxy-fuel
combustion processes

4.10.1 Project members

a) Project leader(s)

 Pitsch, Heinz

b) Scientific project workers
* Attili, Antonio
* Farazi, Sima

« Farmand, Pooria

Gauding, Michael
* Xu, Wen

4.10.2 Project summary

In project B3, high-fidelity direct numerical simulations were developed to examine ignition and
combustion of pulverised solid fuels in laminar and turbulent flows under air and oxy-fuel atmospheres.
An Euler-Lagrange framework captured devolatilisation and ignition for single particles and particle
groups, and a pulverised-coal combustion model was validated against literature ignition delays and
the laminar flat-flame burner of B7. Channel and jet configurations quantified group-combustion effects,
while isotropic-turbulence cases revealed strong particle-interaction impacts on local ignition. The
resulting benchmark datasets supported a comprehensive assessment of C2 combustion models and
improved the Euler-Lagrange description used in large-eddy simulations.

Subsequent work targeted lignocellulosic biomass and aimed to develop reduced-order models for
heat and mass transfer of non-spherical particles and leveraged non-reactive formulations from B2.
Simulations of biomass-plate experiments from B1 validated and refined PAH and NO, chemistry
manifolds for LES. Direct numerical simulations designed to emulate B7 turbulent conditions supported
model development and a priori/a posteriori validation of C2 within the CRC/TRR 129. Biomass
combustion in a realistic swirl-stabilised burner ( B4) extended earlier simulations and enabled validation
of soot and fuel- and gas-phase NO, models. Radiation effects on particle heat-up and flame
stabilisation were analysed using the C4 radiation model.
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4.11 B4 - Detailed experimental investigation and characterisation of
oxy-fuel biomass burners via laser-optical methods

4.11.1 Project members
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» Schneider, Henrik

* Weinkauff, Johannes

4.11.2 Project summary

Project B4 advanced understanding of fluid-mechanical, particle-dynamical, and chemical processes
governing pulverised solid-fuel combustion under oxy-fuel conditions in the near-nozzle region using
an optically accessible combustor with a nozzle identical to C1 and C7. Parametric campaigns across
Reynolds numbers, fuel/oxidiser compositions, and increasing flow complexity (single-phase/non-
reacting to two-phase/reacting) were conducted. Full optical access enabled particle-based veloci-
metry (PIV/PTV), laser-induced phosphor thermometry, CARS, and pyrometry in cooperation with A2.
Absorption spectroscopy with B5 provided residence times, gas temperatures, and species. Meas-
urements of flow fields, particle dynamics, slip velocities, particle trajectories, and wall/gas/particle
temperatures established a benchmark case for gas-assisted pulverised flames up to 60 kWy,, bridged
to larger scales in C1 and C7, and supported validation and model development in C2. The program
transitioned to pulverised biomass under oxy-fuel atmospheres, where thermochemical states were
characterised by local gas temperatures and CO2/O» concentrations. Pollutant formation was quanti-
fied via LIl and LIF of aromatics. Methods were adapted for the semi-technical, water-cooled chamber
(C7), employing chemiluminescence imaging, PIV/PTV, and CARS on O, and N to analyse upscaling
effects on flame stabilisation and thermochemical states. The resulting high-fidelity datasets provided
robust validation data and improved physics-based models for the CRC/TRR 129.
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4.12 B5 — Robust absorption-spectroscopic diagnostics for biomass
combustion: measurement methods for gas species, gas
temperatures and particle loading
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4.12.2 Project summary

Project B5 developed robust in-situ absorption-spectroscopic diagnostics to quantify gas-species
mole fractions, temperature, pressure, residence times, and particle load in turbulent pulverised-fuel
combustion under oxy-fuel conditions from laboratory to semi-industrial scales. Broadband super-
continuum laser absorption spectroscopy (SCLAS) and mid-IR interband cascade lasers, together
with calibration-free retrieval algorithms and refined spectroscopic models for oxy-fuel mixtures, en-
abled multi-parameter, simultaneous measurements with turbulence-relevant temporal resolution and
tomographic reconstructions of 2D fields in optically accessible systems, while extending effective res-
olution in optically restricted setups to millisecond and faster scales. The methods were applied across
two-phase reacting and non-reacting configurations in A3, B1, B4, B7, and C1, and were scaled
to C7, delivering quantitative fields of CO5, Oz, and NOy alongside temperature and residence-time
distributions. Using a common instrument suite across platforms ensured comparability of operat-
ing conditions and accelerated transfer of reduced-order models to larger systems. The resulting
multi-scale reference datasets supported validation and improvement of combustion and large-eddy
simulation models in C2 and enabled online process monitoring under harsh oxy-fuel environments.
Transitioning from sequential to simultaneous SCLAS measurements reduced instrumentation needs,
uncertainty, and experimental effort while increasing temporal fidelity, thereby advancing diagnostics
for pollutant formation and thermochemical state characterisation in pulverised biomass and coal
combustion.
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4.13.2 Project summary

The project B6 addressed the core task of modeling unsteady turbulence-chemistry interaction for
solid-fuel combustion under oxy-fuel conditions. It developed a cross-regime flamelet-generated-
manifold description, captured finite-rate chemistry based on detailed mechanisms, and employed
oxy-fuel-specific reaction kinetics. Particle-turbulence-chemistry interaction was described consistently,
including an Euler-Lagrange formulation with two-way coupling, and the CFD code Fastest was adapted
to the requirements of oxy-fuel combustion. Submodels describing subprocesses of coal combustion
were integrated and validated against experimental data. For this, results from A1, A2, and B3 as well
as measurements from B4 and B5 were used. Further couplings and integration were carried out in
C2. Overall, a consistent model emerged that accounted for the fluctuating nature of turbulent flows,
detailed chemistry, and feedback from the particle phase on flow and reaction, laying the groundwork
for robust predictions in oxy-fuel flames.
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4.14.2 Project summary

Project B7 experimentally characterised particle-turbulence-chemistry interactions governing ignition
and combustion of pulverised solid fuels at the scale of individual particles. A stepwise program — from
single particles in laminar flat-flame conditions to particle clouds in a plasma-heated turbulent hot-gas
co-flow rig — combined time-resolved, multi-parameter laser diagnostics developed with A2, B4, and
B5. Pyrolysis, ignition, volatile combustion, and the onset of char were tracked using volumetric tomo-
graphic and scanning OH-LIF for 3D flame topology. Methodological advances included volumetric
CH2O-LIF with an acousto-optic deflector and simultaneous tomographic PIV. The campaigns were
extended to biomass fuels, where gas-phase fields near individual particles were resolved, particle
shape/composition effects and particle-particle interactions were quantified via number-density vari-
ations, and atmosphere effects were assessed by switching between air and oxy-fuel at different O»
levels. The resulting datasets supported validation of highly resolved simulations in B2, B3, and C2,
uncertainty analyses in B8, and provided benchmark cases for model development inside and out-
side the CRC/TRR 129, improving understanding of particle heating, flame stabilisation, soot, and NOx
formation in particle-laden turbulent flows.
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4.15 B8 - Sensitivity analysis and uncertainty quantification of
pulverised solid fuel combustion

4.15.1 Project members
a) Project leader(s)

» Sayadi, Taraneh

b) Scientific project workers
» Hassan, Ahmed

* Maés, Pierre-Antoine

4.15.2 Project summary

Project B8 quantified sensitivities and uncertainties in models for pulverised solid-fuel combustion to
enable predictive large-scale simulations under air and oxy-fuel atmospheres. An adjoint-based frame-
work was developed to extract gradients of key quantities (e.g. burning rate, surface temperature, drag)
with respect to many parameters at once. Sensitivities were obtained for single solid particles during
steady and unsteady char conversion using surface-kinetic models from A2 and gas-phase kinetics
from B1, and were extended to inert and reactive particle groups to capture clustering effects and
turbulence influences. Local drag sensitivities to particle shape and orientation were derived in two-
and three-dimensional configurations aligned with the experiments of B7 and simulations of B2. The
methodology was prepared for application to mechanisms from A8. Sensitivity information supported
uncertainty quantification for group-combustion setups and for particle size and orientation, yielding
error estimates consistent with experimental practice. The results identified dominant kinetic and hydro-
dynamic parameters controlling ignition and char conversion, clarified the impact of particle interactions
on model responses, and constrained drag and kinetic closures. The findings were integrated into
reactor-network and reduced-order workflows in C2, where they propagated parametric uncertainties
to real-scale predictions and improved the credibility of simulations for biomass combustion under
oxy-fuel conditions.
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4.16 C1 - Experimental investigation of pulverised biomass combustion
for validation of numerical models
4.16.1 Project members
a) Project leader(s)
 Dreizler, Andreas
* Kneer, Reinhold

* MaBmeyer, Anna

b) Scientific project workers

« Askarizadeh, Hossein

Hatzfeld, Oliver

» Hees, Johannes

Zabrodiec, Diego

« Ozer, Burak

4.16.2 Project summary

Project C1 investigated self-sustained pulverised biomass combustion in air and oxy-fuel atmospheres
across a broad thermal-load range, providing high-fidelity datasets of local velocity fields, major species
concentrations, flame temperatures, flame structure, and radiative heat flux. Operating conditions and
advanced diagnostics were established and then used for parametric studies comparing fuels (lignite,
bituminous coal, torrefied biomass), oxidiser O, content, and inflow conditions. Using geometrically
similar burners as B4 revealed strong sensitivities to chamber geometry, wall temperatures, and
pilot-methane flames. Results validated numerical models in C2. C1 bridged scales between optically
accessible gas-assisted flames in B4 and the semi-industrial C7 facility, characterised the transition
from gas-assisted to self-sustained biomass combustion, and analysed low-frequency oscillations and
their impact on averaged quantities. By extending thermal loads up to 100 kWy, and complementing
measurements at C7 (1 MWy,) C1 played a major role in assessing dominant physico-chemical
processes across laboratory, pilot, and semi-industrial scales.

4.16.3 Published project results
a) Publications with scientific quality assurance (peer-review)
Journal papers

[1] Askarizadeh, H., Pielsticker, S., Nicolai, H., Kneer, R., Hasse, C. and MaBmeyer, A. "Investiga-
tion of the Coupling Schemes Between the Discrete and the Continuous Phase in the Numerical
Simulation of a 60 kWy, Swirling Pulverised Solid Fuel Flame Under Oxyfuel Conditions". Fire
7.6 (2024),185.% 3

[2] Askarizadeh, H., Pielsticker, S., Nicolai, H., Koch, M., Kneer, R., Hasse, C. and MaBmeyer, A.
"Radiation Modelling Considering Burnout-Dependent Properties and Cellwise Non-Uniform
Particle Distributions in the Numerical Simulation of Pulverised Solid Fuel Combustion". Fuel
381 (2025), 133338. O 3


https://doi.org/10.3390/fire7060185
https://doi.org/10.1016/j.fuel.2024.133338

88

C1 — Experimental investigation of pulverised biomass combustion for validation of numerical

models

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Askarizadeh, H., Pielsticker, S., Nicolai, H., Ozer, B., Kneer, R., Hasse, C. and MaBmeyer, A.
"Influence of the Devolatilisation Kinetics on the Numerical Simulation of Pulverised Fuel Swirl
Flames Under Oxyfuel Conditions". Fuel 393 (2025), 135177.® 8

Becker, L., Kosaka, H., B6hm, B., Doost, S., Knappstein, R., Habermehl, M., Kneer, R., Janicka,
J. and Dreizler, A. "Experimental Investigation of Flame Stabilization Inside the Quarl of an
Oxyfuel Swirl Burner". Fuel 201 (2017), 124—135. &

Habermehl, M., Hees, J., MaBmeyer, A., Zabrodiec, D., Hatzfeld, O. and Kneer, R. "Compar-
ison of Flame Stability Under Air and Oxy-Fuel Conditions for an Aerodynamically Stabilized
Pulverized Coal Swirl Flame". Journal of Energy Resources Technology 138.4 (2016), 042209.
ol

Hees, J., Zabrodiec, D., MaBmeyer, A., Habermehl, M. and Kneer, R. "Experimental Investiga-
tion and Comparison of Pulverized Coal Combustion in CO»/O»- and N»/O»-Atmospheres”. Flow,
Turbulence and Combustion 96.2 (2016), 417-431. &

Hees, J., Zabrodiec, D., MaBmeyer, A., Hatzfeld, O. and Kneer, R. "Experimental Investigation
into the Influence of the Oxygen Concentration on a Pulverized Coal Swirl Flame in Oxy-Fuel
Atmosphere". Fuel 240 (2019), 64-74. &

Hees, J., Zabrodiec, D., MaBmeyer, A., Pielsticker, S., Gévert, B., Habermehl, M., Hatzfeld, O.
and Kneer, R. "Detailed Analyzes of Pulverized Coal Swirl Flames in Oxy-Fuel Atmospheres".
Combustion and Flame 172 (2016), 289-301. &

MaBmeyer, A., Zabrodiec, D., Hees, J., Kreitzberg, T., Hatzfeld, O. and Kneer, R. "Flame
Pattern Analysis for 60 kWy, Flames Under Conventional Air-Fired and Oxy-Fuel Conditions for
Two Different Types of Coal". Fuel 271 (2020), 117457. ®

Nicolai, H., Debiagi, P., Wen, X., Dressler, L., MaBmeyer, A., Janicka, J. and Hasse, C. "Flamelet
LES of Swirl-Stabilized Oxy-Fuel Flames Using Directly Coupled Multi-Step Solid Fuel Kinetics".
Combustion and Flame 241 (2022), 112062. @

Nicolai, H., Wen, X., Miranda, F., Zabrodiec, D., MaBmeyer, A., di Mare, F., Dreizler, A., Hasse,
C., Kneer, R. and Janicka, J. "Numerical Investigation of Swirl-Stabilized Pulverized Coal Flames
in Air and Oxy-Fuel Atmospheres by Means of Large Eddy Simulation Coupled with Tabulated
Chemistry". Fuel 287 (2021), 119429. ®

Ozer, B., Kneer, R. and MaBmeyer, A. "Experimental Assessment of Velocity and Narrow-Band
Measurements in Oxy-Fuel Combustion of Pulverized Walnut Shells". Experimental Thermal and
Fluid Science 172 (2026). ©

Ozer, B., Zabrodiec, D., Kneer, R. and MaBmeyer, A. "Experimental Investigation of 40 kW,
Methane-Assisted and Self-Sustained Pulverized Biomass Flames". Proceedings of the Com-
bustion Institute 39.3 (2023), 3343—-3351. &

Sadiki, A., Agrebi, S., Chrigui, M., Doost, S., Knappstein, R., di Mare, F., Janicka, J., MaBmeyer,
A., Zabrodiec, D., Hees, J. and Kneer, R. "Analyzing the Effects of Turbulence and Multiphase
Treatments on Oxy-Coal Combustion Process Predictions Using LES and RANS". Chemical
Engineering Science 166 (2017), 283-302. ®

Steffens, P, Berkel, L., Gierth, S., Debiagi, P., Ozer, B., MaBmeyer, A., Nicolai, H. and Hasse, C.
"LES of a Swirl-Stabilized 40 kWy, Biomass Flame and Comparison to a Coal Flame". Fuel 372
(2024), 132098. ® 3

Wen, X., Nicolai, H., Debiagi, P., Zabrodiec, D., MaBmeyer, A., Kneer, R. and Hasse, C. "Flame-
let LES of a 40 kWy, Pulverized Torrefied Biomass Furnace in Air and Oxy-Fuel Atmospheres".
Proceedings of the Combustion Institute 39.4 (2023), 4563—4572. ®


https://doi.org/10.1016/j.fuel.2025.135177
https://doi.org/10.1016/j.fuel.2016.09.002
https://doi.org/10.1115/1.4032940
https://doi.org/10.1007/s10494-015-9662-9
https://doi.org/10.1016/j.fuel.2018.11.111
https://doi.org/10.1016/j.combustflame.2016.07.028
https://doi.org/10.1016/j.fuel.2020.117457
https://doi.org/10.1016/j.combustflame.2022.112062
https://doi.org/10.1016/j.fuel.2020.119429
https://doi.org/10.1016/j.expthermflusci.2025.111658
https://doi.org/10.1016/j.proci.2022.07.112
https://doi.org/10.1016/j.ces.2017.03.015
https://doi.org/10.1016/j.fuel.2024.132098
https://doi.org/10.1016/j.proci.2022.07.135

89

[17] Zabrodiec, D., Becker, L., Hees, J., MaBmeyer, A., Habermehl, M., Hatzfeld, O., Dreizler, A.
and Kneer, R. "Detailed Analysis of the Velocity Fields from 60 kW Swirl-Stabilized Coal Flames
in CO,/0O,- and N»/O,-Atmospheres by Means of Laser Doppler Velocimetry and Particle Image
Velocimetry". Combustion Science and Technology 189.10 (2017), 1751-1775. ®

[18] Zabrodiec, D., Hees, J., MaBmeyer, A., Lehn, F. vom, Habermehl, M., Hatzfeld, O. and Kneer,
R. "Experimental Investigation of Pulverized Coal Flames in CO,/O,- and N»/O,-Atmospheres:
Comparison of Solid Particle Radiative Characteristics". Fuel 201 (2017), 136—147. ®

[19] Zabrodiec, D., Hees, J., Méller, G. H., Hatzfeld, O. and Kneer, R. "Pulverized Coal Swirl Flames
in Oxy-Fuel Conditions: Effects of Oxidizer O, Concentration on Flow Field and Local Gas
Composition". Proceedings of the Combustion Institute 37.4 (2019), 4471-4478.

[20] Zabrodiec, D., MaBmeyer, A., Hees, J., Hatzfeld, O. and Kneer, R. "Flow Pattern and Behavior
of 40 kWy, Pulverized Torrefied Biomass Flames Under Atmospheric and Oxy-Fuel Conditions".
Renewable and Sustainable Energy Reviews 138 (2021), 110493. ®

Conference papers

[21] Askarizadeh, H., Pielsticker, S., Nicolai, H., Kneer, R., Hasse, C., Ozer, B. and MaBmeyer, A.
"Numerical Study on the Influence of Devolatilisation Kinetics on Pulverised Solid Fuel Turbulent
Swirling Flames Under Oxyfuel Conditions". 14" European Conference on Industrial Furnaces
and Boilers. Algarve, Portugal, 2024.

[22] Ozer, B., Kneer, R. and MaBmeyer, A. "Experimental Assessment of Velocity and Narrow-
Band Measurements in Oxy-Fuel Combustion of Pulverized Walnut Shells". 13" Mediterranean
Combustion Symposium. Corfu, Greece, 2025.

[23] Pobrtner, L., Ozer, B., Richter, M., Kdnig, D., Schiemann, M., MaBmeyer, A., Stréhle, J. and
Epple, B. "Spectral Resolved Radiative Heat Flux Measurements in a Combustion Chamber".
14" European Conference on Industrial Furnaces and Boilers. Algarve, Portugal, 2024.

b) Other publications (non peer-review)
Book chapters

[59] Ozer, B., Kneer, R. and MaBmeyer, A. "Pilot Scale Pulverised Solid Fuel Combustion Ex-
periments". Clean Energy Conversion. Ed. by Kneer, R., Pitsch, H., Dreizler, A., Scherer, V.,
MaBmeyer, A. and Pielsticker, S. Springer, 2025. ® 38

Conference papers

[24] Askarizadeh, H., Koch, M., Nicolai, H., Pielsticker, S., Kneer, R., Hasse, C. and MaBmeyer, A.
"Influence of Gas Radiation, Particle Radiation Interactions, and Conversion-Dependent Particle
Radiative Properties on Pulverized Solid Fuel Combustion". 31. Deutscher Flammentag. Berlin,
Germany, 2023.

[25] Askarizadeh, H., Nicolai, H., Zabrodiec, D., Pielsticker, S., Hasse, C., Kneer, R. and MaBmeyer,
A. "Numerische Untersuchung zur Relevanz von Teilmodellen fir Pyrolyse und Koksabbrand in
turbulenten drallbehafteten Flammen unter Oxyfuel-Bedingungen". 30. Deutscher Flammentag.
Hannover, Germany, 2021. ® 3

[26] Birkle, S., Ebert, V., Rauen, D., Dreizler, A., Méller, G. H., Hees, J., Zabrodiec, D., MaBmeyer,
A., Kneer, R., Ebert, V. and Wagner, S. "Laserbasierte Messung von Temperatur und Spez-
ieskonzentrationen bei der Verbrennung von torrefizierter Biomasse in einer 100 kWy,-Staub-
feuerungsversuchsanlage". 28. Deutscher Flammentag. Darmstadt, Germany, 2017. 3


https://doi.org/10.1080/00102202.2017.1332598
https://doi.org/10.1016/j.fuel.2016.11.097
https://doi.org/10.1016/j.proci.2018.06.163
https://doi.org/10.1016/j.rser.2020.110493
https://doi.org/10.1007/978-3-031-98956-8_14
https://doi.org/10.18154/RWTH-2021-10123

90

C1 — Experimental investigation of pulverised biomass combustion for validation of numerical

models

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Habermehl, M., Hees, J., Zabrodiec, D. and Kneer, R. "Charakterisierung ahnlicher, Aerody-
namisch bestimmter Flammenzusténde eines Kohlenstaub-Drallbrenners im Luft- und Oxyfuel-
Betrieb". 27. Deutscher Flammentag. Clausthal-Zellerfeld, Germany, 2015.

Habermehl, M., Hees, J., Zabrodiec, D. and Kneer, R. "Comparison of Flame Stability Under Air
and Oxy-Fuel Conditions for an Aerodynamically Stabilized Pulverized Coal Swirl Flame". 40"
International Technical Conference on Clean Coal & Fuel Systems. Clearwater, Florida, USA,
2015.

Hees, J., Zabrodiec, D., MaBmeyer, A., Hatzfeld, O., Habermehl, M. and Kneer, R. "Kohlen-
staubverbrennung in Oxyfuel-Atmosphare: Einfluss der Oxidatorzusammensetzung auf den
Verbrennungsprozess". 28. Deutscher Flammentag. Darmstadt, Germany, 2017. ® 3

Hees, J., Zabrodiec, D., MaBmeyer, A., Hatzfeld, O. and Kneer, R. "Experimental Investigation
and Comparison of Pulverized Coal Combustion in CO,/O,- and N»/O.-Atmospheres”. SPEIC:
Towards Sustainable Combustion. Lisbon, Portugal, 2014.

MaBmeyer, A., Zabrodiec, D., Hees, J., Kreitzberg, T., Hatzfeld, O. and Kneer, R. "Flame
Pattern Analysis for 60 kWy, Flames Under Conventional Air-Fired and Oxy-Fuel Conditions for
Two Different Types of Coal". 9" International Symposium on Coal Combustion. Qingdao, China,
2019.

Moller, G. H., MaBmeyer, A., Hees, J., Zabrodiec, D., Habermehl, M. and Kneer, R. "Chemi-
luminescence Measurements in a Pulverized Fuel Furnace of Pure Torrefied Biomasses in
Comparison to Solid Fossil Fuels". 42" International Technical Conference on Clean Energy.
Clearwater, Florida, USA, 2017.

Ozer, B., MaBmeyer, A., Zabrodiec, D., Hatzfeld, O. and Kneer, R. "Experimental Study on the
Influence of Methane-Cofiring on Pulverized Coal Flames Under Air and Oxy-Fuel Conditions".
30. Deutscher Flammentag. Hannover, Germany, 2021. ®

Pértner, L., Ozer, B., Schiemann, M. and MaBmeyer, A. "Radiometer Concept for Spectral
Resolved Radiation Heat Flux Measurements". 31. Deutscher Flammentag. Berlin, Germany,
2023.

Richter, M., Schneider, H., Ozer, B., MaBmeyer, A., Stréhle, J. and Epple, B. "Untersuchung
der Flammenstabilitédt und thermischen Strahlung in einer 1 MWy,-Brennkammer unter Oxyfuel-
Bedingungen". 31. Deutscher Flammentag. Berlin, Germany, 2023.

Zabrodiec, D., Hees, J., MaBmeyer, A. and Kneer, R. "Progress and Challenges in Flow Field
Studies of 40-60 kWy, Pulverized Coal Flames". Joint Meeting the German and Italian Sections
of the Combustion Institute. Sorrento, ltaly, 2018. @ 3

Zabrodiec, D., MaBmeyer, A., Hees, J., Gronarz, T., Gévert, B., Hofler, M., Ohliger, A., Haber-
mehl, M., Hatzfeld, O. and Kneer, R. "Experimental Characterization of the Effect of Dry
Recirculation on a Swirled Self-Stabilized Oxycoal Flame". 315! Annual International Pittsburgh
Coal Conference. Pittsburgh, Pennsylvania, USA, 2014.

Zabrodiec, D., MaBmeyer, A., Hees, J., Hatzfeld, O. and Kneer, R. "Flow Pattern and Behavior
of 40 kWy, Pulverized Torrefied Biomass Flames Under Atmospheric and Oxy-Fuel Conditions".
14" International Conference on Sustainable Development of Energy, Water and Environment
Systems. Dubrovnik, Croatia, 2019.

Data sets

[39]

Askarizadeh, H., Pielsticker, S., Nicolai, H., Kneer, R., Hasse, C. and MaBmeyer, A. Investiga-
tion of the Coupling Schemes Between the Discrete and the Continuous Phase in the Numerical
Simulation of a 60 kW, Swirling Pulverised Solid Fuel Flame Under Oxyfuel Conditions — Sup-
plementary Dataset. 2024. @ 8


https://doi.org/10.51202/9783181023020-717
https://doi.org/10.18154/RWTH-2022-02000
https://www.combustion-institute.it/proceedings/XXXXI-ASICI/papers/41proci2018.II16.pdf
https://doi.org/10.18154/RWTH-2024-01307

91

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Askarizadeh, H., Pielsticker, S., Nicolai, H., Kneer, R., Hasse, C., Sauerland, H., Tschunko, S.,
Toporov, D., Gronarz, T. and MaBmeyer, A. Development of a Numerical Simulation Tool in
Ansys Fluent for Pulverised Fuel Combustion Under Oxyfuel Conditions: Oxy-RANS 129. RWTH
Aachen University. 2025. © 3

Askarizadeh, H., Pielsticker, S., Nicolai, H., Koch, M., Kneer, R., Hasse, C. and MaBmeyer,
A. Radiation Modelling Considering Burnout-Dependent Properties and Cellwise Non-Uniform
Particle Distributions in the Numerical Simulation of Pulverised Solid Fuel Combustion — Dataset.
RWTH Aachen University. 2024. ® 8

Askarizadeh, H., Pielsticker, S., Nicolai, H., (")zer, B., Kneer, R., Hasse, C. and MaBmeyer, A.
Influence of the Devolatilisation Kinetics on the Numerical Simulation of Pulverised Fuel Swirl
Flames Under Oxyfuel Conditions — Supplementary Dataset. 2025. ® 3

Ozer, B., MaBmeyer, A., Zabrodiec, D., Hatzfeld, O. and Kneer, R. Experimental Dataset:
Experimental Study on the Influence of Methane-Cofiring on Pulverized Coal Flames Under Air
and Oxy-Fuel Conditions. 2025. ® 8

Ozer, B., Zabrodiec, D., Kneer, R. and MaBmeyer, A. Experimental Dataset: Experimental
Investigation of 40 kWy, Methane-Assisted and Self-Sustained Pulverized Biomass Flames. 2025.
@3

Zabrodiec, D., Hees, J., MaBmeyer, A. and Kneer, R. Experimental Dataset: Pulverized Coal
Swirl Flames in Oxy-Fuel Conditions: Effects of Oxidizer O, Concentration on Flow Field and
Local Gas Composition. 2020. ® 3

Zabrodiec, D., MaBmeyer, A., Hees, J., Hatzfeld, O. and Kneer, R. Experimental Dataset:
40 kWy, Pulverized Torrefied Biomass and Lignite Flames Under Atmospheric and Oxy-Fuel
Conditions. RWTH Aachen University. 2020. ® 8

Presentations and Posters

[47]

[48]

[49]

[50]

[51]

[52]

Askarizadeh, H., Nicolai, H., Koch, M., Pielsticker, S., Hasse, C., Kneer, R. and MaBmeyer, A.
"Numerical Study on the Influence of Conversion- and Temperature-Dependent Particle Radiative
Properties on Pulverised Solid Fuel Flames (Poster)". 41 International Workshop on Oxy-Fuel
Combustion. Naples, ltaly, 2023. © 3

Askarizadeh, H., Nicolai, H., Pielsticker, S., Kneer, R., Hasse, C. and MaBmeyer, A. "Assess-
ment of Turbulence Modulation for the Simulation of a 60 kW, Swirling Flame of Pulverized Solid
Fuel Under Oxy-Fuel Conditions (Presentation)". 141" International Conference on Computational
Heat and Mass Transfer. Disseldorf, Germany, 2023.

Askarizadeh, H., Pielsticker, S., Nicolai, H., Kneer, R., Hasse, C. and MaBmeyer, A. "Influence
of Fly Ash on Flow and Temperature Fields in Numerical Simulations of Pulverised Fuel Swirl
Flames (Presentation)". 5 International Workshop on Oxy-Fuel Combustion. Aachen, Germany,
2025, pp. 2021.© 3

Askarizadeh, H., Zabrodiec, D., MaBmeyer, A., Kreitzberg, T. and Kneer, R. "Numerical
Simulation of Swirl Oxy-Coal Combustion in a 60 kW Test Facility Using the SST k-w Turbulence
Model (Poster)". 3 International Workshop on Oxy-Fuel Combustion. Montabaur, Germany,
2020.

Hees, J., Birkle, S., Becker, L., Zabrodiec, D., Wagner, S., Dreizler, A. and Kneer, R. "A
Complementary Approach for the Experimental Investigation of Solid Oxy-Fuel Combustion
Using Optical Diagnostics (Presentation)". 2™ International Workshop on Oxy-Fuel Combustion.
Bochum, Germany, 2018.

MaBmeyer, A., Zabrodiec, D., Dreizler, A. and Kneer, R. "Stability Analysis of 60 kW, Coal
Flames Under Air and Oxyfuel Conditions (Presentation)". 3 International Workshop on Oxy-
Fuel Combustion. Montabaur, Germany, 2020.


https://doi.org/10.18154/RWTH-2024-05749
https://doi.org/10.18154/RWTH-2024-07124
https://doi.org/10.18154/RWTH-2025-01763
https://doi.org/10.18154/RWTH-2025-04398
https://doi.org/10.18154/RWTH-2025-04397
https://doi.org/10.18154/RWTH-2020-10043
https://doi.org/10.18154/RWTH-2020-07503
https://doi.org/10.18154/RWTH-2023-06259
https://doi.org/10.18154/RWTH-2025-03624

92

C1 — Experimental investigation of pulverised biomass combustion for validation of numerical

models

[53]

[54]

[55]

[56]

[57]

[58]

Ozer, B., Augustin, P., Reddemann, M., Kneer, R. and MaBmeyer, A. "Spectral Analysis of
Methane-Assisted Pulverized Solid Fuel Flame (Poster)". 5 International Workshop on Oxy-Fuel
Combustion. Aachen, Germany, 2025, pp. 49-50. ® 8

Ozer, B., Kneer, R. and MaBmeyer, A. "An Experimental Study on Oscillating Behaviour of the
Radiation Spectrum of Self-Sustained Biomass Flames at Different Thermal Loads (Poster)". 41
International Workshop on Oxy-Fuel Combustion. Naples, ltaly, 2023. © 3

Pértner, L., Ozer, B., Kénig, D., Schiemann, M., MaBmeyer, A., Stréhle, J. and Epple, B.
"Hemispherical Radiometer Measurements of the Spectral Resolved Radiative Heat Flux in a
Combustion Chamber (Poster)". 5% International Workshop on Oxy-Fuel Combustion. Aachen,
Germany, 2025, pp. 42-43.® 3

Richter, M., MaBmeyer, A., Askarizadeh, H., Strohle, J. and Epple, B. "Up-Scaling of a Lab-
Scale Oxyfuel Burner to a 1 MWy, Semi-Industrial Oxyfuel Combustion Chamber (Poster)". 4
International Workshop on Oxy-Fuel Combustion. Naples, ltaly, 2023. © 3

Steffens, P, Berkel, L., Gierth, S., Debiagi, P, Ozer, B., MaBmeyer, A., Nicolai, H. and Hasse, C.
"Large Eddy Simulation of a 40 kW Self-Sustained Pulverized Biomass Combustion Chamber
Using Tabulated Chemistry (Presentation)". 41 International Workshop on Oxy-Fuel Combustion.
Naples, ltaly, 2023. ® 3

Zabrodiec, D., Hees, J., MaBmeyer, A., Hatzfeld, O. and Kneer, R. "Experimental Investigation
and Comparison of Radiative Characteristics of Pulverized Coal Flames in CO2/O- and N»/O,-
Atmospheres (Presentation)". 15! International Workshop on Oxy-Fuel Combustion. Montabaur,
Germany, 2016.


https://doi.org/10.18154/RWTH-2025-03624
https://doi.org/10.18154/RWTH-2023-06259
https://doi.org/10.18154/RWTH-2025-03624
https://doi.org/10.18154/RWTH-2023-06259
https://doi.org/10.18154/RWTH-2023-06259

93

4.17 C2 - Unsteady modelling and simulation of oxy-fuel combustion
chambers
4.17.1 Project members
a) Project leader(s)
* Hasse, Christian
+ Janicka, Johannes
+ Sadiki, Amsini

 di Mare, Francesca

b) Scientific project workers
» Avdic, Amer
» Berkel, Leon
* Doost, Samim
 Ketelheun, Anja
* Miranda, Flavia Cavalcanti
* Nicolai, Hendrik
* Ries, Florian
« Steffens, Pascal
 Vahl, Antje
* Vance, Faizan

* Xu, Wen

4.17.2 Project summary

Project C2 developed OxySim-129, a comprehensive 3D CFD framework in OpenFOAM for pulverised
solid-fuel combustion under air and oxy-fuel atmospheres across laboratory, pilot, and semi-industrial
scales. The model coupled LES with flamelet-based chemistry, integrated radiation advances from
C3 and C4, and incorporated non-spherical particle drag/heat-transfer updates from B2 alongside
kinetic mechanisms from A8 and B1. Validation against B7, B4, and C1 established accuracy
for increasing chamber sizes and complexities. The framework analysed ignition, soot and NOjy
formation, and turbulence-particle-radiation interactions in biomass particle clouds, and quantified
steady and transient flame behaviour, including extrinsic and intrinsic fluctuations, in collaboration with
C1. Chemical reactor networks complemented LES for semi-industrial systems, enabling sensitivity
studies and efficient scale-up. High-performance computing developments and collaboration with C7
demonstrated predictive capability at 1 MWy, load. As the central integration hub, C2 transferred and
reduced submodels, performed validated simulations for laboratory and pilot systems, and delivered
a versatile tool for analysing and predicting biomass combustion, pollutant formation, and radiation-
turbulence-particle interactions in oxy-fuel chambers.
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4.18 C3 - Spectral modelling of thermal radiation in oxy-fuel pulverised
fuel combustion

4.18.1 Project members
a) Project leader(s)
» Epple, Bernd

 Strohle, Jochen

b) Scientific project workers
+ Alobaid, Falah
* Kez, Vitali
* Richter, Marcel

» von Bohnstein, Maximilian

4.18.2 Project summary

Project C3 developed efficient, precise models for radiative heat transfer in industrial oxy-fuel combus-
tion chambers, where elevated CO» and H>O concentrations and higher temperatures strengthened
radiative effects and demanded accurate wall heat-flux prediction. Spectral discretisations and ra-
diative transfer equation solvers were implemented and evaluated in a 3D virtual furnace using
line-by-line calculations as the benchmark. The narrowband correlated-k (NBCK) model achieved
near-benchmark accuracy with far fewer solves. The full-spectrum correlated-k (FSCK) model de-
livered fidelity close to NBCK with computational cost comparable to weighted-sum-of-grey-gases
(WSGG), while WSGG offered fast, simple implementation. A real industrial oxy-fuel boiler was simu-
lated, models and strategies were adapted to furnace conditions, and validation with experimental data
was initiated. Turbulence-radiation interaction at small scales was analysed with C2 and found negli-
gible, and wavelength-dependent particle properties were incorporated with C4. A non-commercial
CFD code was used to implement NBCK for reference solutions and FSCK for CFD coupling, and radi-
ation measurements from C1 were prepared for validation. The resulting methodologies and datasets
supported integration into the comprehensive oxy-fuel modelling framework of C2, advancing predictive
simulations of biomass and coal combustion with reliable gas- and particle-radiation treatment.
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4.19 C4 - Modelling of radiative properties of pulverised biomass
particles during oxy-fuel combustion
4.19.1 Project members
a) Project leader(s)
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4.19.2 Project summary

C4 investigated thermal-radiation interaction with solid fuel particles and developed computationally
efficient models for coupled radiation/CFD simulations of pulverised-fuel flames. Single-particle
scattering was measured using acoustic levitation, and Maxwell’s equations were solved to obtain
absorption, scattering, and phase functions. An inverse analysis with C5 determined the complex index
of refraction. Mie theory was validated for combusting coal particles, and a modified Henyey-Greenstein
approximation enabled fast phase-function evaluation. Discrete dipole approximation for ellipsoids
showed negligible deviation from Mie at axis ratios near two, with increasing discrepancies for more
non-spherical shapes, highlighting the importance of biomass morphology. Spectral dependencies and
particle-cloud effects were incorporated, and gas-radiation advances from C3 were integrated. The
resulting particle-radiation model, including soot contributions, was transferred to the LES framework of
C2 (OxySim-129) and validated against measurements from B4, C1, C5, and C7. These developments
improved predictions of local source terms and wall heat fluxes in oxy-fuel combustion, enabling reliable
treatment of particle radiation for coal and biomass within the CRC/TRR 129.
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4.20 C5 - Measurement of the radiative properties of solid fuel particles
in oxy-fuel atmospheres

4.20.1 Project members
a) Project leader(s)

» Schiemann, Martin

b) Scientific project workers
+ Graeser, Philipp
* Gu, Ying
« Portner, Lukas

« Scherer, Viktor

4.20.2 Project summary

Project C5 developed and applied experimental techniques to determine optical properties of burning
particles under oxy-fuel conditions, enabling efficient modelling of particle radiation in pulverised flames.
An in-flight emissivity method quantified dependencies on particle temperature, mineral composition
(notably Fe>O3), conversion, and fuel rank, and was extended to levitated particles. A complementary
setup measured in-flight scattering intensities. Complex refractive indices were obtained via an inverse
Mie-theory approach, supported by an analysis code developed with C4. Scattering of cold and burning
particles was characterised, and a fuel-specific radiation property database was expanded. Directional
scattering and extinction of selected biomass fuels were measured, and radiation probes were adapted
for spectrally and directionally resolved gas, particle, and wall radiation. Methods were applied across
scales from B4 over C1 to C7. The resulting measurements provided key inputs for C4 to complete a
comprehensive particle-radiation model and facilitated its incorporation into the full-scale combustion
framework of C2, improving understanding and prediction of radiative heat transfer in biomass oxy-fuel
flames.
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4.21 C6 — Measurement of the temperature-dependent spectral
emissivities of ashes and deposits under oxy-fuel conditions

4.21.1 Project members
a) Project leader(s)

« Scherer, Viktor

b) Scientific project workers

« Gorewoda, Jeanette

4.21.2 Project summary

Project C6 provided radiative and material boundary conditions for ash wall deposits to describe
the heat balance of oxy-fuel furnaces. The influence of surface structure and chemo-mineralogical
composition on spectral radiative properties was quantified, focusing on binary and ternary systems
of typical ash constituents and on carbonates and sulfates observed more frequently under oxy-fuel
conditions. Transferability to natural solid-fuel ashes was demonstrated. Measurements showed
a generic spectral wavelength-dependence of the emissivity. Carbonates and sulfates exhibited
characteristic emission bands that vanished after thermal decomposition to the corresponding oxides.
Purely oxidic ashes showed smooth spectral trends without pronounced bands. Phase transformations
in CaCO3 and MgSO4 reduced spectrally averaged emissivities, while Fe generally increased emissivity
in mineral mixtures. Emissivity depended on surface structure: with increasing particle size emissivity
increases. Surface sintering led to irreversible increases via particle growth, particularly for small
particles. A dedicated test rig reliably determined spectral emissivities of real and synthetic ashes and
captured the characteristics of relevant mineral groups (oxides, carbonates, sulfates).
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4.22 C7 — Experimental investigation on the interaction of flame stability,
radiation, burnout, and emissions in a semi-industrial-scale
swirl-stabilised oxy-fuel furnace

4.22.1 Project members
a) Project leader(s)
* Dreizler, Andreas

» Epple, Bernd

b) Scientific project workers
» Kdnig, Dominik

* Richter, Marcel

4.22.2 Project summary

Project C7 investigated scale effects on pulverised solid-fuel oxy-fuel combustion in a 1 MWy,, water-
cooled, top-fired furnace, focusing on how turbulence, gas-phase and surface kinetics, and radiation
interacted to control flame stability and pollutant formation. Complementary diagnostics deployed with
B4, B5, C1, and C5 quantified time-resolved velocity, temperature, gas composition, and radiative heat
flux along the furnace axis. Pollutants and precursors were measured by mass spectrometry and FTIR.
Campaigns progressed from cold-flow to natural-gas firing and then biomass flames, with selected
conditions intentionally driven into instability to assess sensitivities of flow, radiation, char conversion,
and emissions. Variations in fuel (coal to biomass), load, swirl, and oxidiser composition (CO» versus
recycled flue gas, O» level) established how cooled walls amplified radiative heat loss, promoted local
extinction, and affected CO, soot, and hydrocarbon formation. Results were compared to geometrically
similar laboratory and pilot systems in B4 and C1 and were used to validate and scale the OxySim-129
framework of C2.
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Journal papers

[1] Kénig, D., Richter, M., Stroéhle, J. and Epple, B. "Stability and Flame Structure Analysis of a
Semi-Industrial Swirl-Stabilized Oxy-Fuel Combustion Chamber System for Biomass". Energies
18.6 (2025), 1513.® 8

[2] Konig, D., Stréhle, J. and Epple, B. "Analysis of Unburned Hydrocarbon Species for Air and
Oxy-Fuel Flames in a Semi-Industrial Combustion Chamber Using Fourier Transform Infrared
Spectroscopy". Fuel Processing Technology 276 (2025), 108283. © 3

[3] Kénig, D., Strohle, J. and Epple, B. "Investigation on the Formation of Nitrogen, Sulfur and
Chlorine Species in Air and Oxy-Fuel Combustion of Biomass in a Semi-Industrial Combustion
Chamber". Fuel Processing Technology 277 (2025), 108303. ® 3

[4] Richter, M., Kénig, D., Stréhle, J. and Epple, B. "Radiative Heat Flux Measurement in a Semi-
Industrial Oxyfuel Combustion Chamber with Biomass and Coal". Energies 17.11 (2024), 2735.
®3


https://doi.org/10.3390/en18061513
https://doi.org/10.1016/j.fuproc.2025.108283
https://doi.org/10.1016/j.fuproc.2025.108303
https://doi.org/10.3390/en17112735

112 C7 — Experimental investigation on the interaction of flame stability, radiation, burnout, and
emissions in a semi-industrial-scale swirl-stabilised oxy-fuel furnace

[5] Richter, M., Stréhle, J. and Epple, B. "Up-Scaling of a Laboratory-Scale Pulverised Oxyfuel
Burner to Semi-Industrial-Scale Through a Flow Similarity Approach". Fuel 371 (2024), 131809.
o]

Conference papers

[6] Konig, D., Stréhle, J. and Epple, B. "Comparison of Air and Various Oxy-Fuel Approaches for
Similarity in a Swirl-Stabilized Biomass Flame". 13" Mediterranean Combustion Symposium.
Corfu, Greece, 2025.

[7] Pbrtner, L., Ozer, B., Richter, M., Koénig, D., Schiemann, M., MaBmeyer, A., Stréhle, J. and
Epple, B. "Spectral Resolved Radiative Heat Flux Measurements in a Combustion Chamber".
14" European Conference on Industrial Furnaces and Boilers. Algarve, Portugal, 2024.

b) Other publications (non peer-review)
Book chapters

[17] Kénig, D., Hebel, J., Stréhle, J., Dreizler, A. and Epple, B. "Semi-Industrial Scale Pulverised
Solid Fuel Combustion Experiments". Clean Energy Conversion. Ed. by Kneer, R., Pitsch, H.,
Dreizler, A., Scherer, V., MaBmeyer, A. and Pielsticker, S. Springer, 2025. ® 3

[18] Pielsticker, S., Freisewinkel, E., Béttger, J., Cerciello, F., Senneca, O., Kénig, D., Scherer, V.,
Muhler, M., Epple, B. and Kneer, R. "Pyrolysis Products and Kinetics". Clean Energy Conversion.
Ed. by Kneer, R., Pitsch, H., Dreizler, A., Scherer, V., MaBmeyer, A. and Pielsticker, S. Springer,
2025.© 3

Conference papers

[8] Konig, D., Strohle, J. and Epple, B. "Pilot-Scale Investigation on the Formation of Minority
Species in Air and Oxy-Fuel Combustion of Biomass". 32. Deutscher Flammentag. Paderborn,
Germany, 2025.

[9] Richter, M., Schneider, H., Ozer, B., MaBmeyer, A., Stréhle, J. and Epple, B. "Untersuchung
der Flammenstabilitédt und thermischen Strahlung in einer 1 MWy,-Brennkammer unter Oxyfuel-
Bedingungen". 31. Deutscher Flammentag. Berlin, Germany, 2023.

Data sets

[10] Koénig, D. OxyflameC7-Campaign2_AS-FTIR-Data. 2025. ©
[11] Konig, D. OxyflameC7-Campaign2_AS-FTIR-MS-Data. 2025. ®

Presentations and Posters

[12] Bonarens, M., Kénig, D., Linke, P., Goet, G., Hansemann, C., Stréhle, J., Epple, B. and Wagner,
S. "Simultaneous Measurement of Temperatures at Various Distances from the Burner of a
Semi-Industrial-Scale Biomass Combustion Chamber (Presentation)". 5 International Workshop
on Oxy-Fuel Combustion. Aachen, Germany, 2025, pp. 47-48. ® 3

[13] Hebel, J., Bonarens, M., Kénig, D., Miinzenberger, J., Béhm, B., Wagner, S., Epple, B. and
Dreizler, A. "Particle Dynamics and Gas Phase Investigation in Semi-Industrial Oxy-Fuel Bio-
mass Combustion (Poster)". 5 International Workshop on Oxy-Fuel Combustion. Aachen,
Germany, 2025, p. 53. ® 8


https://doi.org/10.1016/j.fuel.2024.131809
https://doi.org/10.1007/978-3-031-98956-8_15
https://doi.org/10.1007/978-3-031-98956-8_2
https://doi.org/10.48328/tudatalib-1773
https://doi.org/10.48328/tudatalib-1824
https://doi.org/10.18154/RWTH-2025-03624
https://doi.org/10.18154/RWTH-2025-03624

113

[14]

[15]

[16]

Koénig, D., Hllsbruch, D., Stréhle, J. and Epple, B. "Comparative Analysis of Oxy-Fuel Flames
Using Either Carbon Dioxide or Recycled Flue Gas as Diluent with an Air Flame (Poster)". 5
International Workshop on Oxy-Fuel Combustion. Aachen, Germany, 2025, pp. 61-62. ® 3

Péortner, L., Ozer, B., Koénig, D., Schiemann, M., MaBmeyer, A., Stréhle, J. and Epple, B.
"Hemispherical Radiometer Measurements of the Spectral Resolved Radiative Heat Flux in a
Combustion Chamber (Poster)". 5% International Workshop on Oxy-Fuel Combustion. Aachen,
Germany, 2025, pp. 42-43.® 3

Richter, M., MaBmeyer, A., Askarizadeh, H., Stréhle, J. and Epple, B. "Up-Scaling of a Lab-
Scale Oxyfuel Burner to a 1 MWy, Semi-Industrial Oxyfuel Combustion Chamber (Poster)". 41
International Workshop on Oxy-Fuel Combustion. Naples, Italy, 2023. ® 3


https://doi.org/10.18154/RWTH-2025-03624
https://doi.org/10.18154/RWTH-2025-03624
https://doi.org/10.18154/RWTH-2023-06259

	1 Project summary
	1.1 Motivation
	1.2 Objectives
	1.3 Structure of the CRC/TRR129
	1.4 Key findings

	2 CRC book publications
	3 Overview of dissertations
	4 Project overviews
	4.1 A1 – Experimental investigations of pyrolysis and char conversion kinetics in a well-stirred reactor under atmospheric and pressurised conditions
	4.2 A2 – Experimental investigations of pyrolysis and char conversion kinetics in plug flow configurations with a focus on the ignition and early char burnout phase
	4.3 A3 – Experimental determination of reaction kinetics for the release of chlorine and sulphur species and for the conversion of these species in the gas phase
	4.4 A5 – Kinetic investigations of the effect of catalytically active minerals in biomass-derived solid fuels on pyrolysis and char conversion under oxy-fuel conditions
	4.5 A6 – Determination of excess-sorptive kinetics and equilibrium loadings of oxy-fuel gas components on solid fuels
	4.6 A7 – Atomistic multiscale simulations of char conversion
	4.7 A8 – Development of a comprehensive kinetic model for the conversion of solid fuels in oxy-fuel atmospheres
	4.8 B1 – Theoretical and experimental investigation on the devolatilisation and oxidation of solid-fuel particles in a counterflow burner under oxy-fuel conditions
	4.9 B2 – Development of modelling approaches for fluid-particle interactions in turbulent flow by direct particle-fluid simulations
	4.10 B3 – Direct numerical simulation and modelling of oxy-fuel combustion processes
	4.11 B4 – Detailed experimental investigation and characterisation of oxy-fuel biomass burners via laser-optical methods
	4.12 B5 – Robust absorption-spectroscopic diagnostics for biomass combustion: measurement methods for gas species, gas temperatures and particle loading
	4.13 B6 – Modeling of particle-turbulence-chemistry interaction for oxy-fuel processes
	4.14 B7 – Investigation of ignition and combustion processes of solid fuel particles under oxy-fuel conditions
	4.15 B8 – Sensitivity analysis and uncertainty quantification of pulverised solid fuel combustion
	4.16 C1 – Experimental investigation of pulverised biomass combustion for validation of numerical models
	4.17 C2 – Unsteady modelling and simulation of oxy-fuel combustion chambers
	4.18 C3 – Spectral modelling of thermal radiation in oxy-fuel pulverised fuel combustion
	4.19 C4 – Modelling of radiative properties of pulverised biomass particles during oxy-fuel combustion
	4.20 C5 – Measurement of the radiative properties of solid fuel particles in oxy-fuel atmospheres
	4.21 C6 – Measurement of the temperature-dependent spectral emissivities of ashes and deposits under oxy-fuel conditions
	4.22 C7 – Experimental investigation on the interaction of flame stability, radiation, burnout, and emissions in a semi-industrial-scale swirl-stabilised oxy-fuel furnace


