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We investigate the transition from coal to hydrogen in a downscaled industrial burner adapted for hydrogen
injection under rotary-kiln conditions. Although replacing coal with hydrogen is an attractive decarbonization
route, its effects on combustion behaviour, heat transfer, ignition, flame stability, and NOy emissions are complex
and must be understood before full-scale implementation.

The results show that the largest changes occur when moving from pure coal to 30% Hj co-firing, with earlier
ignition, higher flame stability, and increased temperature. Further increases from 30% to 50% and 70% Ha
cause comparatively smaller changes, suggesting that once co-firing is established, higher hydrogen shares up to
70% do not introduce major additional limitations. NOy emissions decrease by 38% at hydrogen substitution up
to 30%, but then rise sharply with further hydrogen addition, reaching 219% above pure coal under full
hydrogen firing. This indicates functional limitations of the tested burner above 50-60% hydrogen substitution.

1. Introduction

Industrial decarbonization of hard-to-abate sectors such are iron and
steel, cement, and chemicals, faces a fundamental constraint: processes
requiring temperatures above several hundred degrees Celsius that
cannot be directly electrified with current technology [1].
Combustion-based systems are therefore expected to persist in those
sectors and hydrogen has emerged as primary low-carbon fuel candidate
[1-4]. Beyond the specific application, the viability of hydrogen is
highly context-dependent, shaped not only by technological maturity
and scaling but also by electricity costs and policy instruments such as
CO, taxation [5-9]. It is attractive in regions where abundant compet-
itive low-carbon electricity and water resources enable cost-efficient
electrolysis-based hydrogen production [10-13], particularly when in-
tegrated with on-site production systems [10,14]. In the long term, such
favourable conditions may be achievable in northern Sweden. In addi-
tion to its potential to decarbonize industrial energy use, hydrogen in-
troduces new dimensions of energy system interdependence, which may
carry positive implications in certain contexts [4,15].

At the process level, rotary kilns used in iron pelletizing have his-
torically been fired with coal and natural gas. Shifting to hydrogen

introduces several process-level risks that warrant careful consideration.
This study focuses only on coal to hydrogen transition.

In a rotary kiln the flame serves a dual purpose: it acts as the primary
heat source and governs how heat profile is transferred to both the
material bed and the kiln wall. This makes the flame's behaviour central
to safe and efficient operation. In studied fuel shifting, four important
key risks have been identified.

The first concerns heat transfer to the kiln wall. Coal and hydrogen
combustion produces a flame with significantly different radiative
properties. Co-firing conditions using the same burner can further in-
fluence this profile in ways that must be carefully assessed. Reaching
pure hydrogen operation may necessitate a fundamental rethinking of
burner design, potentially shifting from predominantly radiative toward
convection-enhanced configurations. The second risk relates to
hydrogen changing ignition behaviour. Hydrogen has a significantly
lower ignition energy than coal, on the order of 0.02 mJ compared to
several hundred mJ for coal. If ignition occurs too close to the burner, it
can accelerate material degradation and shorten burner lifetime, making
this a critical parameter to monitor and control. Thirdly, flame stability
must be maintained, as uncontrolled fluctuations directly affect the
consistency of kiln operation and can compromise product quality.
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The fourth and final risk, and arguably the most pressing given the
growing body of literature on the subject, is NOy emissions. Iron ore
rotary kilns operate under inherently hostile conditions from an emis-
sions standpoint [16,17]: large volumes of preheated secondary air at
approximately 1200 °C and total air-to-fuel ratios of 4-5. Since
post-treatment strategies are either impractical or prohibitively expen-
sive at this scale, primary combustion control remains the most mean-
ingful lever to work with.

Prior work directly relevant to combustion conditions in iron ore
rotary kilns remains limited. Two studies conducted at 150 kW scale
investigated hydrogen substitution of up to 30%, using either combi-
burners [18] or lance injection configurations [19]. In the
combi-burner setup, co-firing intensified the flame, promoted earlier
ignition and improved stability. NOy emissions were reduced relative to
pure coal and slightly worsen when increasing hydrogen velocity. Total
heat transfer to the walls increased in co-firing conditions. Under pure
hydrogen operation, heat flux near the burner exceeded that of pure coal
but declined to lower values further downstream. Lance injection pro-
duced similar effects on flame behaviour, with these effects becoming
more pronounced as the separation between hydrogen and coal injection
points decreased. Conversely, increasing this distance led to a dramatic
rise in NOy emissions relative to pure coal operation. A separate study
further showed that introducing solid particles into a hydrogen flame
significantly increases radiative heat transfer compared to pure
hydrogen combustion alone [20].

Given the highly specific combustion conditions of the iron ore
induration process, it is essential that studies are conducted under
representative conditions to yield meaningful insights. Notably, no
literature currently exists covering the full transition range from pure
coal to pure hydrogen combustion in such conditions. Related work has,
however, been carried out for the analogous transition from natural gas
to hydrogen. Two studies [21,22] examining the transition from natural
gas to hydrogen using a single burner consistently reported a strong
increase in NOy emissions, with one recording a 380% rise under pure
hydrogen operation [21]. Heat transfer to the kiln wall was generally
reduced under pure hydrogen, while co-firing conditions showed no
significant change in the heat transfer profile relative to pure natural
gas.

A critical knowledge gap remains in enabling a safe and cost-
effective transition from coal to hydrogen. This study addresses exper-
imentally that gap by building on existing 150 kW-scale findings,
extending the investigation across the full range of partial coal substi-
tution while maintaining a single burner design already proven at full
scale for coal operation.

The study evaluates the impact of this transition on key combustion
characteristics, including ignition, axial heat release, flame stability,
particle temperature indicator, heat transfer to wall, and NOx emissions.
The overarching objective is to identify critical operational thresholds,
define the burner's operable envelope, and characterise the evolution of
flame properties throughout the shift from coal to hydrogen.

2. Methods

An experimental approach is prioritised to evaluate operation across
the full range from pure coal to pure hydrogen, as the number of pa-
rameters influencing flame behaviour in such industrial context is
extensive. This provides a more system-level perspective compared to
modelling. In large-scale combustion, complex interactions between
subsystems and environmental conditions make detailed mechanistic
analysis both challenging and costly.

In this study, a limited set of key measurement techniques is
employed. Rather than capturing absolute phenomena, these measure-
ments act as indicators of underlying physical changes, enabling a
macro-level understanding of flame behaviour. The following sections
describe the furnace, experimental setup, and diagnostic methods used
to characterise ignition, flame dynamics, heat transfer, and emissions.
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2.1. Experimental furnace

The heart of this study comes from the LKAB's Experimental Com-
bustion Furnace (ECF), a facility designed to replicate the temperature
and flow conditions found inside an iron-ore pelletizing kiln. The ECF
has been used and described in previous work [23-25], providing a
well-established platform for industrial combustion research.

The furnace is divided into two main sections: a burner hood and a
kiln. The burner hood receives hot secondary air through two inlets, one
above called upper inlet and one below the burner, called lower inlet.
The kiln section measures 4 m and extends exhaust section including the
chimney prolongate the overall furnace to approximately 14 m. Sec-
ondary air is preheated externally to temperatures of up to 1050 °C at
the burner hood. To mirror the geometry of a full-scale rotary kiln, the
ECF outlet is tilted at approximately 3°, and the overall furnace is scaled
to one-seventh of its industrial counterpart. Two important simplifica-
tions should be noted: the ECF does not rotate, and it contains no
product bed to heat, conditions that isolate combustion behaviour from
the additional complexity of the pelletizing process itself. A schematic of
the ECF, including the axial positions of all measurement ports (PO to
P12), is provided in Fig. 1.

2.2. Burner design and operating conditions

The burner was developed by downscaling an existing full-scale
burner and adapted to handle mixed fuel injection from pure coal to
pure hydrogen. Coal is delivered through three pipes arranged sym-
metrically around a central hydrogen injection pipe, ensuring an even
distribution of solid fuel. These four fuel pipes are enclosed within a
primary air annulus, whose primary role in tested conditions is burner
cooling rather than combustion. The primary air flow rate is held con-
stant at 100 Nm>/h across all cases, corresponding to an exit velocity of
roughly 10 m/s, a level at which its jet momentum is negligible relative
to the secondary air, coal, and hydrogen flows.

Five fuel mixture cases were investigated, spanning the full range
from pure coal to pure hydrogen, with three intermediate co-firing
blends at 70/30, 50/50, and 30/70 coal-to-hydrogen energy split. In
all cases, the total thermal power was held constant at 510 kW, and the
secondary air flow remained fixed at 1900 Nm®/h, with 60% introduced
through the upper inlet. The secondary air entered at a set temperature
of 1050 °C (upper) and 1030 °C (lower). During pure coal firing,
hydrogen injection was replaced by a 15 Nm®/h nitrogen flow for safety;
during pure hydrogen firing, the transport nitrogen normally associated
with the coal flow (10 Nm3/h) was as well maintained. Full details of the
burner operating conditions for each case are given in Table 1.

Fuel properties — The coal used throughout the study was a sub-
bituminous coal with a proximate analysis of 0.4% moisture, 12.8%
ash, 18.0% volatile matter, and 68.8% fixed carbon. On an ash-free
basis, the ultimate analysis gives mass fractions of 76.7% carbon,
4.1% hydrogen, 4.3% oxygen, 1.5% nitrogen, and 0.3% sulphur, with a
lower heating value of 30.473 MJ/kg. The hydrogen supply had a purity
exceeding 99.9 vol%, with a lower heating value of 118 MJ/Nm®.

2.3. Ignition distance and stability diagnostic

To assess how the coal ignition is impacted by hydrogen, an opera-
tional camera was positioned at port PO, at the inner edge of the furnace
wall. While the camera's settings were not fixed, precluding quantitative
analysis on intensity, it provided valuable qualitative insight into igni-
tion behaviour under each fuel condition. Two complementary visual-
isations were extracted from the footage.

The first is a spatially averaged intensity field, produced by aver-
aging pixel intensities across all recorded frames, after normalising in-
tensity against stable wall temperature zones. This time-mean image
enables direct visual comparison of temporal ignition location between
cases. The second captures the temporal evolution of the flame through
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Fig. 1. Schematic of the ECF furnace showing distances from the burner to ports PO-P12. The section has a diameter of 650 mm and a length of 4660 mm, rep-
resenting a downscaled kiln. The kiln is inclined at 3° relative to the burner. Secondary air enters from the upper and lower sections (arrows), simulating secondary

air flow in a full-scale kiln.

Table 1

Burner operating conditions for fuel mixtures, including fuel energy split, coal and hydrogen flow rates and momentum, hydrogen jet exit velocity, burner and total
stoichiometric ratios, and primary and secondary air flow rates and temperatures.

Burner configuration Unit 100/0 70/30 50/50 30/70 0/100
Coal/Hydrogen

Total power kw 510 510 510 510 510
Power coal % 100 70 50 30 0
Power Hy % 0 30 50 70 100
Coal flow kg/h 61 43 30 18 0
Transport air Nm3/h 10 10 10 10 10
Coal velocity m/s 25.82 25.82 25.82 25.82 25.82
Coal + transport air momentum kg-m/s 0.530 0.401 0.308 0,222 0.093
H, flow Nm3/h 0 51 85 119 170
H, velocity m/s 0 250 350 500 833
H; momentum kg-m/s 0 0.32 0.74 1.49 3.54
H,/coal momentum ratio - 0 0.79 2.41 6.69 38
Stoichiometry Burner - 0.22 0.22 0.23 0.24 0.25
Stoichiometry total - 4.36 4.50 4.62 4.74 4.94
Secondary air flow Nm3/h 1900 1900 1900 1900 1900
Top secondary air flow % 60 60 60 60 60
bottom secondary air flow % 40 40 40 40 40
Top temp. SAF °C 1030 1030 1030 1030 1030
Bottom temp. SAF °C 1030 1030 1030 1030 1030
Total primary air flow Nm3/h 100 100 100 100 100
Primary air velocity m/s 10.26 10.26 10.26 10.26 10.26
Primary air momentum kg-m/s 0.37 0.37 0.37 0.37 0.37

vertical and horizontal profiles of maximum intensity. The maximum
intensity is extracted along each row and column of the image. These
profiles are then stacked in time to form two-dimensional maps that
indicates ignition stability and location. The full processing pipeline is
illustrated in Fig. 2.

2.4. Coal flame intensity and stability diagnostic

To characterise flame maximum intensity and stability across the full
length of the furnace, a CMOS camera (FORGE 5GigE, FG-P5G-
50S4C-C) was deployed. Unlike the operational camera, the CMOS
camera operated under fixed, controlled settings, enabling both quali-
tative and quantitative comparisons between cases. It recorded 20-s

Step 1
Raw frame

Step 2
Grayscale

Step 3
Thresholded

videos at 114 fps with a resolution of 2448 x 2048 pixels, yielding
approximately 2280 frames per measurement. One optical bandpass
filter defined two measurement wavelength windows, 543-558 nm and
653-668 nm, and the camera was installed outside the furnace in a
water- and nitrogen-cooled probe, with measurements taken sequen-
tially from ports PO to P9.

Processing began by converting each frame to grayscale, followed by
intensity normalization to a reference exposure of 100 ps to ensure
comparability across recordings. To visualised at best the intensity and
stability change of the coal flame across different mixtures, a method
using intensity distribution of high intensity is used. To characterise the
intensity distribution statistically, pixels below an absolute threshold of
40 were discarded to limit background information, and the maximum

Step 4
Column-wise max

Step 5
Stacked profiles

Intensity

o == A
1000 1500
Horizontal pixel

0 250 500 750 1000 1250 1500 1750 0
Horizontal pixel

Fig. 2. Step 1 — raw frame; Step 2 — convert to grayscale with wall intensity region correction; Step 3 — extract the maximum intensity; Step 4 — plot maximum
intensity per column vs. horizontal pixel position; Step 5 — Convert Step 4 into a single 1D vector per frame, then stack all frames to build the 2D horizontal

profile map.
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grayscale intensity per row was extracted for each frame. The mean of
these row-maximum values was computed for each frame, producing a
single temporal signal of flame intensity. Plotting this signal as a prob-
ability density function (PDF), with intensity on the horizontal axis and
frequency of occurrence on the vertical, provides a compact represen-
tation of flame intensity variations across cases and axial positions. The
horizontal spread of the distribution reflects the range of intensity levels,
while its width serves as an indicator of flame stability. The procedure is
illustrated step by step in Fig. 3.

2.5. Codal particle temperature indicator and flame length diagnostic

To gain insight into coal particle temperatures and the extent of the
visible flame, optical emission spectroscopy was employed. A spec-
trometer (Oceanview HR-6XR300-10, 300-line composite blaze grating,
10 pm slit) collected light in the 200-1100 nm wavelength range. Two
diaphragms along the line of sight controlled the measurement area to
avoid saturation and improve spatial precision. Measurement series was
recorded for each port from PO to P9. Each measurement series
comprised 500 spectra recorded with an exposure time of 100 ms, cor-
responding to a total measurement period of 50 s per port. At each port,
the recorded spectrum results from the integration of all radiating ele-
ments within a cylindrical measurement volume of a few centimetres in
diameter, encompassing both the coal particle field and the furnace wall.
Raw spectra were first screened to remove saturated recordings (very
few) or those affected by slag buildup at the port. Each valid spectrum
was then fitted with a Planck radiation function to extract the so-called
line-of-sight temperature. The spectrometer was calibrated using a
blackbody oven, yielding an error of approximately 1% at 1000 °C,
which decreases with increasing temperature to about 0.3% at 1500 °C.
To distinguish the contributions of wall/particles, the location of the
average temperature into the normalised minimum and maximum of
each series of 500 temperatures in addition to the coefficient of variation
(CV) of the extracted temperature was used as a diagnostic indicator. A
low CV reflects a measurement dominated by a stable background
source either wall radiation or a dense, steady flame. Conversely, a high
CV points to significant signal fluctuations caused by intermittent con-
tributions from walls or particles, characteristic of either an ignition
zone or a flame tail zone. The axial position at which elevated CV values
are recorded determines whether that region corresponds to ignition or
flame tail behaviour. The link between CV and measurement location is
illustrated in Fig. 4.

2.6. Heat transfer to the wall diagnostic

Two complementary IFRF heat flux probes were used to characterise
the thermal loads experienced by the furnace wall. The total heat flux
was measured by inserting the probe flush with the inner furnace wall
and allowing a stabilisation time of 15 min. The probe consists of a
stainless-steel plug instrumented with two Type K thermocouples. The
axial temperature gradient between the thermocouples is used, together

Step 1 Step 2 Step 3

Raw frame Grayscale

Row profile

00 3
Intensity
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with a calibration curve, to calculate the combined heat flux from ra-
diation, convection, and conduction reaching the wall surface. The
measurement tolerance of the thermocouples follows +0.0075 x T
across the 333-1200 °C temperature range. Alongside the total heat flux
probe, a radiative heat flux probe was used to isolate the radiative
component. Installed in the same way as the total heat flux probe and
allowed to stabilise for 10 min, this probe collects omnidirectional ra-
diation from the furnace and focuses it onto a thermopile sensor,
generating a 0-15 mV signal that is linearly proportional to the tem-
perature difference. This signal is then converted to a radiative heat flux
value through the probe's calibration curve.

2.7. Gas concentration diagnostic

Flue gas composition was monitored continuously at the furnace
outlet, located 4153 mm downstream of the burner. Three analysers
operated in parallel at this location: a URAS unit (non-dispersive
infrared detection for CO, SO2, and CO), a MAGNOS paramagnetic O3
analyser, and a LIMAS ultraviolet analyser for NO and NOs. To assess
whether these outlet measurements were representative of conditions
further upstream and downstream, radial concentration profiles were
also measured using a probe connected to an FTIR and a HORIBA O,
analyser, traversing across the furnace diameter at axial positions of
2153 mm and 4653 mm. These radial profiles were acquired for all the
co-firing cases at 4653 mm and for the 70% hydrogen case at 2153 mm
and were measured by traversing both inward and outward, giving 2
values per location. The two values were consistent, and the reported
values represent the average of the two passes. A summary of all ana-
lysers and their measurement locations is provided in Table 2. All ana-
lysers were calibrated prior to the campaign using zero and span gases
with known species concentrations.

3. Results

The results structure follows the flame from its origin to its exhaust.
Beginning at the burner, the analysis traces how hydrogen co-firing re-
shapes ignition, then follows the flame downstream to examine its in-
tensity and stability, the evolution of coal particle temperature and
density, the redistribution of heat to the furnace wall, and finally the
composition of the outlet gases. Together, these four diagnostics
described in the Methods build a progressively complete macro picture
of what changes as coal is replaced by hydrogen.

Two boundary conditions shape what each diagnostic can see.
Camera and spectroscopy both operate in the visible light range, and
since pure hydrogen produces no visible light emission, the pure
hydrogen case is absent from those analyses and appears only in the gas
concentration results. Heat flux measurements were performed for three
conditions only: pure coal, 30% Hj, and 70% Hs. Throughout this sec-
tion, cases are colour-coded for consistency with pure coal in red, and
co-firing cases in a blue gradient with progressively lighter shades
marking increasing hydrogen fractions from 30% to 70% Ho.

Step 4 Step 5
Frame intensities Distribution

60 -

Mean intensity
Probability density

0 250 500 750 1000 1250 1500 1750 2000 6 70 8 90 100 110
Frame number Mean pixel intensity

Fig. 3. Raw frame — colour input image; Step 1 — convert to grayscale; Step 2 — extract maximum grayscale intensity per row, discarding pixels below an absolute
threshold of 40 to limit background noise (plot: Y-axis: rows - X-axis: intensity); Step 3 — compute the mean of row-maximum values per frame, producing a single
temporal signal of flame intensity (plot: Y-axis: intensity - X-axis: frames); Step 4 — plot the signal as a probability density function (PDF), with intensity on the
horizontal axis and frequency of occurrence on the vertical axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 4. Schematic illustration of CV distribution along the combustion zone for three flames. High CV values (shown in red) identify regions of strong signal
fluctuation associated with the ignition zone or flame tail, while low CV values indicate stable background radiation from the wall or a dense steady flame. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Gas analysers overview.
Technology Species Location
URAS CO, SO,, CO4 Centred at 4153 mm
MAGNOS 023 Centred at 4153 mm
LIMAS NO and NO, Centred at 4153 mm
FTIR H,0, CO,, CO, NO, NO, Radial measurements in P7 and P12
HORIBA [e23 Radial measurements in P7 and P12

3.1. Flame ignition, intensity and stability

Ignition — Before any quantitative analysis, a typical single raw
frame already tells significant information. As illustrated by the three
representative frames per case presented in Fig. 5, the most immediate
visual effect of hydrogen co-firing is a shift in coal ignition location. In
the pure coal flame, light emission originates at the outer edges of the
coal jets late within port 0, spreading gradually downstream in a slow,
dispersed pattern. Upon hydrogen introduction, combustion activity
draws inward and upstream toward the burner centre where hydrogen is
injected, although the hydrogen flame itself remains invisible to the
camera.

Comparing across co-firing cases, two additional trends emerge.

Frame 1

Frame 2

Frame 3

P

First, at 70% Hoy, the coal combustion zone exhibits a noticeably sparse
and more homogeneous coal combustion compared to the lower
hydrogen fraction cases. Second, prior to ignition, the three coal jets
appear undisturbed at 30% Hp, maintaining clear, well-defined, and
straight trajectories despite the turbulence induced by the co-flowing
hydrogen. At 50% Hj, however, the coal jets show signs of deforma-
tion, and at 70% Hj this effect becomes even more pronounced. This
progressive deformation is further evidenced in the video, where the jets
can be observed oscillating at 70% Hy.

The early ignition trend is captured qualitatively and quantitatively
through the averaged intensity image and the horizontal temporal
profile (HTP), both presented in Fig. 6. The HTP tracks the horizontal
position of maximum intensity over time, serving as an indicator for
both ignition location and its temporal variability. The pure coal flame
shows large fluctuations in this profile, reflecting an inherently unstable
and later ignition front, giving an averaged pixel location at 996. Among
the co-firing cases, the 30% H; mixture achieves the earliest ignition at
pixel 417. Increasing hydrogen further to 50% and 70%, however, re-
verses this trend, with a growing ignition distance. Several factors may
contribute: higher hydrogen velocities may increase the overall jet
momentum, the local O, available for coal ignition in high temperature
zone may be reduced by hydrogen combustion, and the expansion of the
hydrogen flame zone likely generates stronger turbulence and higher

50% H.

N,

2 70% H:
Ry A

Fig. 5. Typical single-frame images from the operational camera: (a) 100% coal combustion and (b) co-firing with 30% hydrogen and 70% coal. The images are
converted to grayscale, and a colormap is applied to highlight high-intensity flame regions for improved visualisation.
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30% Hz

50% H2

70% Hz

0.85

Fig. 6. (a) HTP intensity profiles, where the x-axis shows the horizontal position of the maximum intensity in each row for each frame and the y-axis shows the frame
number (time). The dotted line indicates the average pixel position. (b) Average pixel intensity from the operational camera for 0%, 30%, 50%, and 70% coal
replacement. Intensities are normalised to 0-1 and corrected relative to the wall intensity. A colour map is applied to the high-intensity region 0.85-1 to highlight
intensity gradients. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

local velocities, compounded by a lower coal particle momentum. The
relative contribution of each factor will be examined in the Discussion.
The 70% H; case additionally exhibits pronounced positional fluctua-
tions in the HTP, which may partly reflect coal mass flow instability
during the measurement period.

Intensity and flame stability — Beyond ignition location, hydrogen
co-firing transforms the overall character of the flame. Probability dis-
tributions of pixel intensity across the ten ports (PO-P9), presented in
Fig. 7, tell a consistent observations of increasing intensity and com-
bustion steadiness with hydrogen addition.

In the ignition region (P0-P1), the pure coal flame's intensity at PO is
comparable to background radiation from the heated furnace wall,
consistent with the earlier finding that active coal combustion has not
yet begun at this location. It is worth recalling here that the CMOS
camera observes through the port diameter, capturing a 60 to 80 mm
cross-section at the furnace centre, in contrast to the operational camera
which is inserted at the inner wall and provides a broader field of view.
Within this narrower observation window, all co-firing cases show
markedly higher intensity than pure coal at PO. Among them, the 50%
Hj case stands out with a consistently slightly higher intensity than both
the lower and higher hydrogen fractions. This is particularly evident at
P1, where its narrow intensity distribution points to a notably steady
combustion at this early stage. Pixel intensity in these measurements is
influenced by the temperature field, the concentration and density of
reacting species, exposure time, and observation distance. Since distance
is held constant across all cases and exposure time is corrected, two
parameters remain as primary variables: coal particle temperature and
coal flame density. Coal flame density is expected to decrease with
increasing hydrogen fraction, as the coal content diminishes and the

turbulence induced by hydrogen progressively disperses the particle
field. Against this backdrop, the intensity increase from 30% to 50% H
is most plausibly driven by a rise in coal particle temperature. Soot may
also play a role, as decreasing O concentration in coal combustion
(consummed by hydrogen) create more favourable conditions for soot
formation. However, at 70% H,, temperature gain may appear to be
offset by a strongly reduced particle density, explaining why the in-
tensity advantage of higher hydrogen fractions does not continue to
grow. The spectroscopic results later lend further indications to both the
coal particle temperature trend and the progressive reduction in flame
density.

Moving into the main combustion zone (P1-P5 for co-firing, P2-P5
for pure coal), co-firing flames show consistently narrower intensity
distributions, that is, more stable in contrast to pure coal that exhibits
broader spatial and temporal distributions, reflecting lower combustion
stability.

Downstream in the flame tail, the co-firing cases terminate earlier
than the pure coal case, with the position following the order of the
hydrogen fraction. By P5-P6, the flames are winding down, and by
P8-P9, the intensity pattern reflects largely wall temperature more than
active combustion. Notably, this residual wall temperature is highest for
the 30% H, case, followed by 50% and 70% Hj, a pattern later
confirmed by the spectrometer and heat flux to wall measurements. The
pure coal flame, in contrast, maintains a broad intensity distribution
even at the furthest downstream ports, consistent with continued char
combustion or glowing residual particles.
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Fig. 7. Probability distributions of the mean maximum-row pixel intensity per
frame for all camera ports. Each subplot corresponds to one port (PO-P9),
showing filled curves of normalised mean intensity distributions. The colour
gradient represents the hydrogen fraction in the fuel mixture (from 0 % Hy =
pure coal to 70 % Hy). Intensity normalization and thresholding were applied to
remove exposure-dependent effects and low-signal noise. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

3.2. Coal particle temperature indicator, flame length and density

Spectrometric line-of-sight temperature measurements offer a
further window into how the coal particle field evolves across cases and
help reinforce the conclusions drawn from the camera intensity distri-
butions. Fig. 8a presents the line-of-sight temperature together with its
minimum-maximum range. Complementary statistics are provided in
Fig. 8b, which shows the coefficient of variation, and in Fig. 8c, which
shows the normalised position of the average within the mini-
mum-maximum range.
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Fig. 8. Statistical analysis of a 500-point line-of-sight temperature series: (a)
line-of-sight temperature with min-max shading, (b) coefficient of variation of
the line-of-sight temperature, and (c) position of the mean line-of-sight tem-
perature between the normalised minimum (0) and maximum (1). Red repre-
sents the pure coal case, while shades of blue indicate co-firing conditions, with
lighter blue corresponding to higher hydrogen fractions. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

A clear hierarchy emerges across the region PO-P5: coal particle field
temperature increases progressively with hydrogen fraction. The most
dramatic step occurs between pure coal and 30% Hj. A further, impor-
tant gain follows from 30% to 50% H,. Beyond this point, the increase
diminishes considerably, the 50% and 70% Hj cases remain very close,
with 70% Hpy edging only marginally higher. Much like the pixel in-
tensity from the camera, the line-of-sight temperature derived from the
spectrometer is not immune to the influence of flame density. A denser
coal particle field contributes more strongly to the integrated signal,
while a sparser field gives proportionally more weight to the furnace
wall, a cooler background element. The hottest elements tend to domi-
nate the spectral shape because, in the visible range, the Planck function
exhibits an exponential dependence on temperature and the spectral
peak shifts toward shorter wavelengths as temperature increases.
Consequently, the extracted temperature that is based on spectra shape,
is biased toward the highest temperatures present within the observed
volume, although the relative contributions of all emitting elements still
influence the fitted result. In this context, the small gap between the
50% and 70% Hj cases may partly reflect the lower coal particle density
at 70% Hy, which could in reality be somewhat higher than the extracted
value suggests.

Coal flame length - The coefficient of variation of the 500-temper-
ature series (CV), presented in Fig. 8b, measures temporal fluctuation
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and serves as a useful indicator of both the ignition zone and the flame
tail. In the pure coal case, a very high CV at PO confirms that ignition is
occurring at, or just upstream of, the first measurement location. All co-
firing cases, by contrast, show low CV values at PO, indicating that
ignition is already well underway before the measurement begins. This
is fully consistent with the camera findings.

Between PO and P5, the CV levels across the three co-firing cases
follow a clear pattern: the higher the hydrogen fraction, the higher the
CV. This likely reflects the progressive reduction in coal particle density
from both lower coal flow and higher turbulences. A sparser particle
field produces greater fluctuations in the integrated signal. This inter-
pretation is consistent with the camera analysis, where the lower
probability density observed for the 70% H; case at PO-P1 were
attributed to reduced flame density rather than lower particle
temperature.

At the downstream end, the onset of the flame tail shifts progres-
sively earlier as hydrogen fraction increases: the 70% H; flame ends
sooner than the 50% case, which ends sooner than the 30% case. The
pure coal flame is a clear outlier; its length and instability make the
flame tail difficult to define with precision.

Coal flame density — The normalised position of the averaged
temperature within the min-max range of each measurement series
provides an additional indicator of coal flame density and is presented
Fig. 8c. The closer this value sits to the normalised maximum, the denser
the coal combustion is at that location. It is relatively weak in sensitivity
and must be interpreted as complement to the information carried by the
CV and line-of-sight temperatures.

For all cases, the normalised position follows a broadly similar arc,
rising following the ignition zone as combustion intensify and is the
densest combustion zone, then declining through the flame tail as the
particle field burns out and spread giving more weight for the wall.

Two observations are worth drawing out. First, from port 2 onward,
the 50% and 70% Hpy cases exhibit a noticeably smoother profile
(similarly than for the CV profiles) compared to both pure coal, which
remains the most erratic, followed by the 30% H case. This may reflect
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a more stabilized, spatially distributed combustion regime, where
hydrogen-induced turbulence disperses the coal particles more uni-
formly and reduces the clustering that drives the sharper fluctuations
seen at lower hydrogen fractions and pure coal.

Second, beyond port 5 a clear ordering emerges: the flame tail be-
comes progressively less dense with increasing hydrogen fraction,
reflecting the reduced coal content in each co-firing case as well as a
potential acceleration of rate of burning coal particles. Pure coal remains
consistently the highest in this region, sustaining a denser, more pro-
longed combustion tail throughout.

3.3. Heat transfer profile to wall

The shifts in flame behaviour and particle temperature observed
across co-firing cases translate directly into a redistribution of heat along
the furnace. Fig. 9a presents the total and radiative heat fluxes measured
at ports P1, P5, and P7 for pure coal, 30% Hj, and 70% Hj, together with
their percentage differences relative to pure coal in Fig. 9b, where the
pure coal case serves as the 0% reference line. Second-order polynomial
trend lines are added to aid visualisation of the total heat flux profiles.

Across all cases, the total heat flux follows a consistent arc: lowest at
P1, peaking at P5, and easing slightly at P7 with a more pronounced
decline for co-firing cases. Radiative heat transfer dominates
throughout, accounting for 53-74% of the total flux at every port and
case.

The effect of co-firing is a change in balance with an upstream in-
crease and downstream decrease in total heat release. At P1, total heat
flux increases by approximately +6% relative to pure coal, while at P5 it
decreases by around —3%, and at P7 by —10%. The flame delivers more
of its energy early and less downstream to the wall. Although very close
to the 30% H case, the 70% H; case shows the highest total heat flux at
P1, this very difference is inverted at P5.

The radiative component tells a more nuanced story. Radiative heat
flux gains are substantial across all ports for co-firing with increases of
+30-34% at P1, +13-22% at P5, and +6-14% at P7 relative to pure
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Fig. 9. (a) Total heat flux and radiative heat flux (kW/m?) at ports 1, 5, and 7 for: pure coal flame (0% H, in red), 30% H,, and 70% H,. The radiative heat flux is
represented by the lined bars, with its percentage contribution to the total heat flux indicated above each bar. (b) Change in total heat flux and radiative heat flux
relative to the pure coal case (doted lines at 0). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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coal. The highest increase is recorded at 30% hydrogen substitution.
Crucially, these gains diminish with increasing hydrogen fraction, even
as the spectrometer indicates higher coal particle temperatures at higher
hydrogen fractions. This apparent contradiction is consistent with the
density argument developed earlier: the progressive reduction in coal
particle density reduces the total radiation from the flame, offsetting the
temperature gain and ultimately dampening the radiative output.

3.4. Emissions

The changes in ignition, fuel mixture, and flame behaviour observed
across cases manifest in the outlet concentrations of key species, most
notably O and NO. Additional species such as CO3, CO, and SO; pri-
marily act as indicators of coal combustion and coal flow rate, as they
originate directly from the coal. In contrast, NO and O represent the
most relevant exhaust gas species, with NO being an important atmo-
spheric pollutant and O, serving as indication of fuel flows and lambda
and being a key concentration parameter for the induration process.

Gas concentrations were measured at a fixed single-point location at
4153 mm downstream of the burner, at the furnace centreline. To con-
textualise this data, two radial profiles were recorded upstream and
downstream of this location: at port P7 (2153 mm) and port P12 (4653
mm) from the burner. All data are presented in Fig. 10, organised as a
grid of five rows and three columns, where each row corresponds to one
species in the following order: Oy, CO2, CO, NO, and SO,. The left and
right columns show the radial profiles at 2153 mm and 4653 mm
respectively, while the centre column presents the single-point

I Coal (0% Hz) W 30% H. WM 50% H:

2153 mm radial profile

. 70% H:

Centerline at 4153 mm VS
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measurements alongside both radial profiles. For all data, the min-max
range is added. In the centre column, a slight horizontal offset is applied
to each dataset to aid visualisation, with the upstream radial profile
positioned earliest, the single-point measurement at the centre, and the
downstream radial profile furthest right. All values are reported on a dry
basis.

Before interpreting the concentration trends, it is important to
acknowledge the limitations of single-point sampling at this location.
The exhaust gas is not yet fully radially mixed: at P7, concentration
peaks in combustion products are offset from the centreline, reflecting
ongoing flame displacement toward the wall. By P12, these peaks have
migrated further toward the wall, with O, displaying the inverse
pattern. Since gas velocities were not measured, velocity-weighted
averaging could not be applied, and radial averages therefore repre-
sent spatial averages only. The apparent downstream increase in O3 is an
artefact of the non-uniform distribution across streamlines rather than
any chemical process, the combustion being completed at P12.

Despite these limitations, the agreement between single-point and
radial measurements is satisfactory. Single-point values fall between the
upstream and downstream radial averages, with closer agreement to the
downstream values as expected given the proximity of the sampling
location to P12. At this position, O tends to be slightly underestimated,
while CO2, CO, NO, and SOs are slightly overestimated. In response to
these findings, the fixed gas sampling location was relocated down-
stream at 9153 mm in a subsequent experimental campaign, where
cross-sectional measurements confirmed radial homogeneity. The same
burner was tested in another campaign, and the comparison shows that

B Centerline X Port7 A Port12

4653 mm radial profile

(Port 7) Radial profiles (2153 mm — 4653 mm) (Port 12)
20.0 | (a) A 120.0F p !
R 175¢ 1175+ - 'R
[
£ 150}, 11501 | 1
= 4 L 2
© 125} P {125F | g
100k R 100k . . ,
4 m) 1 &[T j
g sf { T4
£ ol 14 ]
8 1t 1 2t % 1
0] \ , , , , . ol . . Sl - :
_ (c)
£ 400 1 400 1
& =
£ e
S 200t g - -
S 200 I |
................................................... l o
(1] S L 0 L J 1 = I AN 1 -
_1s00f@ b e 41500 4
& 1000 -
2 1000 1
=
o 500F 1 s00 il 1
z - =5
.......... S
ok ; i i ol N . s . i .
60F ] —
e
= @ 80 1 ]
& 40 1 t
e 601 ]
£
< 20t 4 40 1
& 20 ]
0 PE= 1 1 1
10 60

Distance across furnace (m)

L L L L L L
—1.00 -0.75 -0.50 —=0.25 0.00 0.25 0.50 0.75 1.00

0

0

20

Hydrogen in fuel (%)

80

L L L H L L L
—1.00 -0.75 -0.50 —=0.25 0.00 0.25 0.50 0.75 1.00
Distance across furnace (m)

Fig. 10. Radial and centreline gas composition profiles for O,, CO,, CO, NO, and SO, under varying hydrogen co-firing conditions. Left and right columns show
radial distributions at 2153 mm (Port 7) and 4653 mm (Port 12), respectively, with shaded regions indicating min-max ranges. The middle column compares
centreline measurements at 4153 mm with corresponding radial data from Ports 7 (filled markers) and 12 (open markers) across hydrogen fractions (0-100%). Error
bars represent measurement variability (inner caps), while extended grey caps indicate additional campaign uncertainty. The dashed red line denotes the coal
reference level. Red corresponds to pure coal, and shades of blue indicate increasing hydrogen content. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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the measured NO concentrations are in strong agreement between them.
Deviations are mainly observed for CO2, Og, and SO in the high-coal
cases, particularly for the pure coal condition. In these cases, the
longer flame leads to a less uniform radial profile at 4153 mm. The inter-
campaign concentration uncertainty is represented in Fig. 10 by grey
error bars on the centreline data, shown in addition to the min-max
range derived from the radial profiles.

Emission trends across co-firing ratios - CO, and SOy both
decrease with increasing hydrogen fraction, as expected from the pro-
gressive reduction in coal combustion, though not in strict proportion to
the theoretical coal flow reduction. This non-linearity reflects the
localised nature of the single-point measurements, which are increas-
ingly affected by the less uniform radial profiles associated with longer
flames, as discussed previously.

CO concentrations remain low throughout and follow a decreasing
trend with increasing hydrogen fraction. The notably wide concentra-
tion range observed for the pure coal and 30% H; cases is likely a
measurement artefact: the pure coal data were captured during a
particularly stable period of coal flow, while the 30% Hy measurements
coincided with greater feed system instability, a consequence of fluc-
tuations in the coal feed regulation, coal transport and/or burner
operation.

The most significant finding concerns NO. At 30% Hgz, NO emissions
drop considerably relative to pure coal, yet above 50% Hy NO rise
sharply, reversing the initial trend. This bifurcated response demon-
strates that the relationship between hydrogen co-firing and NO for-
mation is far from straightforward, and its underlying mechanisms will
be explored in the Discussion.

4. Discussion

The discussion is organized into three parts. The first part addresses
the measurement techniques and their characteristics. The second part
examines the variations in flame profiles and heat transfer behaviour,
while the third part focuses on the changes in NOy emissions.

4.1. Measurement devices

Before entering the physical results discussion, it is essential to
clarify the characteristics and limitations of the measurement devices, as
these strongly influence the interpretation of the data. Three diagnostic
techniques are considered in this discussion: spectroscopic measure-
ments, optical imaging, and radiative heat flux measurements. Only the
data analysis methods applied in the present work are discussed here. A
schematic overview of the measurement configuration and radiation
collection is shown in Fig. 11.

From a geometric perspective, the spectrometer collects light emitted
from the furnace over a wavelength range of 200-1100 nm. The

amera view

Line-of-sight spectra
UV-NIV 200-1100 nm

C
543-558 nm and 653-668 nm

International Journal of Hydrogen Energy 237 (2026) 155270

collected radiation is integrated radially through the measurement port
over an approximate diameter of 1-3 cm. Concerning the camera, the
recorded radiation is measured in two narrow wavelength bands,
543-558 nm and 653-668 nm, over a much larger viewing diameter of
60 or 80 cm, depending on the size of the viewing port. This configu-
ration effectively excludes radiation from off-axis angles, meaning that,
similarly to the spectrometer, the camera receives light primarily along
the radial direction, but over a larger sampled area.

Going to the third measurement device, the radiative heat flux probe
is positioned at the furnace wall and measures incident radiation over a
hemispherical 2n steradians field of view across a broad wavelength
range, spanning from UV to IR. The probe collects radiation within a
chamber that is shielded from convective heat transfer. The absorbed
radiation heats a thermopile sensor, which responds to the total radia-
tive energy received. As a result, the sensor does not resolve individual
wavelength bands but instead measures the heat generated by the in-
tegrated radiation over all wavelengths. The measurements are per-
formed after the heat flux signal stabilizes, which typically requires
approximately 10-15 min. Once stabilized, the value is recorded as a
single measurement and therefore does not represent a temporal average
or capture temporal variations. Fast temporal variations are not
captured, as the sensor's thermal inertia limits its ability to respond to
short-term fluctuations.

A consistent observation when comparing spectrometer measure-
ments with camera observations is that, for all operating conditions, the
peak temperature derived from spectroscopy occurs axially upstream of
the peak intensity recorded by the camera, typically by one to two
measurement ports. This axial shift arises because, although both di-
agnostics operate within a similar visible wavelength range (approxi-
mately 400-700 nm), they measure fundamentally different physical
quantities.

The temperature obtained from the spectrometer is determined by
fitting the shape of normalised spectral distribution to an apparent
blackbody (Planck-law) function. This method emphasizes the relative
spectral slope rather than the absolute emitted intensity. In contrast, the
camera measures the integrated light intensity, which depends on the
radiative power density and is strongly influenced by the concentration
of radiating particles, their emissivity, and the effective emitting
volume.

In the visible spectral range, the normalised spectral shape is
particularly sensitive to the hottest emitting particles due to the expo-
nential temperature dependence of the Planck function at shorter
wavelengths. Consequently, even a small fraction of hot, optically thin
emitters can dominate the spectral shape used for temperature estima-
tion. Conversely, the camera signal is mainly governed by the total
emitted radiant power, which increases with density of radiating par-
ticle as well as their temperature level. As a result, the maximum in-
tensity is typically observed further downstream, where soot and char

Furnace

Radiative heat flux
broad UV to IR range

Fig. 11. Schematic representation of spectroscopic, imaging, and radiative heat flux measurement views.
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concentrations are higher, even if the local gas or particle temperature is
lower.

Additional differences arise from the spatial and temporal averaged
sampling characteristics of the instruments. The spectrometer mea-
surements are temporally averaged over a longer exposure time than
individual camera frames (100 ms vs. ~8 ms) and integrate light over a
few cm? into a single value, whereas the camera provides much higher
spatial resolution at the pixel level. These differences in spatial and
temporal averaging further contribute to the discrepancy observed be-
tween spectrometer-derived temperature profiles and camera intensity
distributions. Concluding that (1) temperatures derived from the spec-
trometer represent a spatially and temporally averaged signal from
multiple high-temperature sources, with a bias toward higher temper-
atures. (2) The camera intensity field should not be directly interpreted
as a temperature indicator.

Regarding the radiative heat flux, the results show a consistently
higher radiative component during co-firing compared with pure coal
combustion across all monitored ports (PO, P5, and P7). At port P5, both
the camera and spectrometer yield similar results for the pure coal and
co-firing cases. However, at port P7, both instruments record signifi-
cantly lower radiative intensities for co-firing. This apparent contra-
diction can be explained by the measurement geometry of the radiative
heat flux probe. Because the probe measures radiation over a 180° field
of view, it captures significant upstream contributions, which are, as
showed by camera and spectrometer, more intense under co-firing
conditions. In addition, the probe records radiations occurring in the
infrared range, which is not detected by either the spectrometer or the
camera. These include HyO radiation from hydrogen and significant
portion of wall radiation. Consequently, the probe records a higher total
radiative heat flux during co-firing even though the radially line-of-sight
observed radiation intensity at P7 is lower.

4.2. Flame profile change

Fig. 12 summarizes the relative changes compared with the pure coal
reference case (dotted line at 0%) for three key quantities: flame in-
tensity measured by the CMOS camera, temperature derived from
spectroscopic measurements, and the total heat flux at the furnace wall.
The evolution of the flame profile is discussed in three stages: (i) ignition
behaviour, (ii) the main combustion zone, and (iii) the flame tail.

Ignition — The progressive substitution of coal with hydrogen sub-
stantially alters the coal ignition. Both optical imaging and spectroscopic
measurements indicate that even small hydrogen additions significantly
reduce the distance between the burner and the coal ignition point. The
injection of hydrogen introduces additional momentum at the burner
outlet and likely modifies the local turbulence field. At 30% hydrogen,
the coal jet momentum remains slightly higher than that of hydrogen,
with a momentum ratio of approximately 0.8. Under these conditions,
the coal jet remains dominant, and the hydrogen jet is likely entrained
and mixed into the coal plume. As the hydrogen fraction increases, the
momentum ratio shifts in favour of hydrogen, reaching values of 2.4 and
6.7 at 50% and 70% hydrogen, respectively. This means that from a
momentum perspective, hydrogen begins to dominate the flow field at
50% blending. The influence of higher hydrogen momentum is visible
on the coal jet at the burner outlet as presented in the results from Fig. 5.

Spectroscopic measurements show a temperature increase of
approximately 20-30% at port PO, while the camera intensity increases
by 200-350% relative to the pure coal case. These observations suggest
that the hydrogen flame ignites almost immediately after leaving the
burner, providing an early heat source that rapidly heats neighbouring
coal particles and promotes their ignition.

When the hydrogen fraction increases beyond 30%, the coal ignition
location shifts slightly downstream. The further distance is likely related
to the higher hydrogen injection velocity. A higher hydrogen velocity,
already significantly greater than that of the surrounding flow at 30%
substitution, increases the momentum ratio between the hydrogen jet
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Fig. 12. Relative changes as a function of coal replacement by hydrogen. (a)
maximum intensity per port measured by the CMOS camera (%), (b) temper-
ature extracted from the line-of-sight spectroscopic measurements (%), and (c)
THEF flux relative to the 100% coal (%). All are integrating the pure coal case as
baseline (red dotted line at 0%). Port positions (PO-P9) are indicated on the top
axis, with corresponding distances (mm) on the bottom axis. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

and its surroundings, thereby enhancing local mixing. This stronger
mixing may produce a more confined hydrogen flame with a narrower
cone, which may initially interact less and later with the coal particle
flow. As a result, the local heat transfer from the hydrogen flame to the
coal particles may be slightly reduced compared with lower hydrogen
injection velocities. Coal jet velocity before ignition does not appear to
be significantly affected by hydrogen addition, with only slightly axially
deformation at high hydrogen fraction as discussed previously. This
suggests that the hypothesis of constant ignition time with delayed vi-
sual ignition due to increased particle velocity is unlikely.

Regarding ignition stability, hydrogen addition appears to promote
more stable ignition location compared to pure coal case. Higher sta-
bility is believed to be associated with the enhanced mixing and
consistent heat provided by the hydrogen jets. The velocity gradients
between the hydrogen jets, the coal particle stream, and the surrounding
air intensify local turbulence, thereby improving fuel-air mixing and
creating more favourable ignition conditions. As illustrated in Supple-
mentary Material 1, at and after ignition, the coal flame structure be-
comes more dispersed in the presence of hydrogen. Coal particles appear
more uniformly distributed with stronger turbulences, whereas in the
pure coal case, combustion occurs more as a dense particle clusters.

Main Combustion Zone - The main combustion region becomes
more compact, stable and intense with increasing hydrogen content,
shifting upstream toward the burner. CMOS camera data show a pro-
gressive reduction in the difference in intensity between the pure coal
and co-firing cases, reaching comparable values at port P6 (1903 mm).
While only minor differences are observed between the 50% and 70%
hydrogen cases, the most significant change occurs between the pure
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coal and 30% hydrogen conditions. The upstream shift of the high in-
tensity region can be attributed to three main factors: (1) a reduced coal
feed rate; (2) the higher flame temperature associated with hydrogen
combustion; and (3) the turbulence induced by hydrogen injection,
which enhances streams mixing and may accelerate reaction rates.
Probability density analysis clearly indicates that the presence of
hydrogen enhances flame stability not only during ignition but also
within the core of the coal flame. This effect is attributed to enhanced
mixing, leading to a greater dispersion of coal particles. The increased
mixing is further supported by Supplementary Material 1. In addition,
spectroscopic and CMOS data indicate that temperature peaks occur
closer to the burner and reach higher magnitudes as the hydrogen
fraction increases. A non-linearity is observed among cases as the dif-
ferences among the co-firing cases are significantly smaller than those
observed between pure coal and 30% hydrogen.

As shown by Fig. 12c, the change in flame structure leads to a
rebalancing of heat transfer. Within ports PO-P4, elevated particle
temperatures and hydrogen presence increase both radiative heat fluxes
and convective (indicated by total heat flux — radiative heat flux) to the
furnace wall. Beyond port P5, for co-firing, the total heat transfer drops
below that of the pure coal flame. Nevertheless, as discussed previously,
the radiative component remains higher for the co-firing cases at all
ports. This suggests that convective heat transfer to the downstream wall
decreases under co-firing conditions. It is unfortunately difficult to
identify the exact reason for this result, as several parameters may
contribute and no available measurements allow one to determine
whether one effect dominates over the others. First, flame turbulence
may strongly influence the total heat flux. In the presence of hydrogen,
the combustion streamlines may not extend to the same location as in
the pure coal case. Flame spreading may be reduced, meaning that under
co-firing conditions the total heat flux probe is mainly exposed to the
secondary air flow. By contrast, in the pure coal case, the wider flame
spread may promote stronger mixing near the probe, resulting in a
locally higher gas temperature and thus enhanced convective heat
transfer. Second, an opposite effect may also arise in the presence of
hydrogen. The increased turbulence associated with hydrogen may
enhance mixing with the surrounding air, thereby reducing the tem-
perature of the streamlines compared with the pure coal case. Third, the
furnace temperature was slightly higher during the pure coal test
because of the previous test history. As discussed in the Methods section,
these variations reflect the practical fluctuations in boundary conditions
that occur in this industrial system. Since the furnace wall contributes
significantly to the radiative heat flux, under similar wall conditions the
pure coal case would exhibit a lower radiative heat flux, which would in
turn result in a lower total heat flux. Finally, because the probe was in
contact with the inner wall, the higher wall temperature during the pure
coal test may have enhanced conductive heat transfer from the wall to
the cooled probe. This may also have contributed to the higher total heat
flux measured relative to the co-firing cases.

Flame Tail - In pure coal combustion, the flame tail is long and
unstable, as evidenced by both the broad probability density of intensity
(P5 to P7) and the more chaotic coefficient of variation measured by the
spectrometer. As hydrogen is introduced, the flame progressively con-
tracts: at 30% and 50% hydrogen, the tail shortens and terminates near
port P5, while at 70% hydrogen, it recedes further to around port P4.
This gradual reduction in flame length, along with a more clearly
defined tail end, support the enhanced mixing between the flows,
leading to more homogeneous combustion and reducing the persistence
of concentrated particle clusters in the downstream region.

4.3. NOy emissions

The structural transformations of the flame described previously set
the foundation for understanding how NOy emissions evolve as
hydrogen progressively replace coal. Temperature field, fuel mixture,
mixing between fuels and surrounding air, residence time at high
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temperature, radical pool and O, concentration are all modified, and
each plays a role in chemical mechanisms to form NOy.

Fig. 13 traces the NOy emissions, expressed in mg per MJ of fuel, as
coal is progressively replaced by hydrogen. Rather than a monotonic
trend, the data reveals two distinct trends, indicating different balance
of competing chemical mechanisms. Before discussing these trends in
detail, it is worth noting that the NOy results indicate a favourable
operating range for the burner up to 50% coal replacement.

The decline zone (0-30% hydrogen substitution) - As hydrogen
begins to replace coal at 30%, NOyx emissions drops from 784 to 483 mg/
MJ, a reduction of approximately 38%. The interpretation of the sub-
stantial reduction cannot be attributed to single cause.

Three main overlapping mechanisms are at work in this regime. The
first concerns fuel-bound nitrogen (fuel-N), the dominant NOy precursor
under the low-volatile coal conditions typical of iron ore rotary kilns.
Each unit of coal displaced by hydrogen removes a fraction of the ni-
trogen inventory available for conversion to NOy. Yet this relationship is
not proportional: two independent studies [26,27] suggest that a 30%
reduction in fuel-N translates to only a 12-17% decrease in NOy emis-
sions, depending on local combustion temperature and fuel composi-
tion. The fuel-N pathway may be therefore a significant contributor, but
not the sole architect of the observed decline.

The second mechanism concerns the partitioning of fuel-bound ni-
trogen between the volatile matter and the char fraction. Hydrogen co-
firing raises both the heating rate and the peak temperature experienced
by coal particles, accelerating ignition and shifting the volatile-to-char
nitrogen balance in favour of volatiles. This mechanism, as reported in
the literature, is well supported by several studies [28-30]. The volatile
nitrogen species, believed to be primarily HCN for the coal used in this
study [31-33] and, to a lesser extent, NHs, then enter the gas phase
where their fate is governed by local conditions. The conversion to NOx
depends mainly on temperature [34], stoichiometry [35], and residence
time [36,37]. The enhanced release of nitrogen in the volatile phase may
contribute to lowering the background NOy formed in the hydrogen
flame, but its more important effect likely lies in promoting earlier ni-
trogen release during coal combustion. This, in turn, brings us to the
third mechanism: the conversion of char-bound nitrogen to NOy.

Previous work has shown that char-bound nitrogen is a major
contributor to outlet NOy concentrations [25]. However, char conver-
sion to NOy is context dependent on Oy concentration and background
NO [38,39]. Both factors favour NOy reduction in the 30% hydrogen
case, due to the lower O concentration and the higher background NO
levels. The confirmation of decreasing local oxygen availability from gas
concentration measurements at the P12 region and the outlet is not
visible as these sampling points sit too far downstream to capture the
near-burner chemistry. Although not presented in this study, supple-
mentary measurements conducted near a comparable burner indicated a
noticeable decrease in Oy concentration within the coal combustion
zone, consistent with this interpretation and providing indirect support.

A final point concerns the role of OH radicals. OH is involved in key
NO formation pathways (e.g., N + OH — NO + H) and is typically
associated with regions of active NO formation [34,40,41]. Under
high-temperature and oxidizing conditions, increased OH concentra-
tions can promote NOy formation. However, under fuel-rich conditions,
OH may also contribute to NOyx reduction through interactions with
fuel-derived radicals, for example via (NO + OH - HONO—NO,+ H)
[41]. Although OH spatial distribution was not measured in this
experimental campaign, it remains an important unknown that may play
a role in the observed changes in outlet NOy levels.

In summary, the approximately 38% NOy reduction observed at 30%
hydrogen substitution is believed to result mainly from few concurrent
effects: the increased total thermal NOy formation (driven by hydrogen
combustion) is partially offset by (1) enhanced reduction reactions by
both volatiles and char zones with higher background NOy; (2) the fuel-
NOy pathway is further constrained by reduced oxygen availability
during devolatilization; and (3) the lower fuel-N input.



S. Colin et al.

International Journal of Hydrogen Energy 237 (2026) 155270

49¢

2500 | (a) - 200 -
. 2000} - 8 150}
E’ 1500 1230 B g 100
] =
> o

1000 1784 _ [
S b 635 g 50

483 e Z
500 | i = 0 38Y%
0 . . . . A _50 . . ; " y
0 20 40 60 80 100 0 20 40 60 80 100

Hydrogen replacement (%)

Hydrogen replacement (%)

Fig. 13. (a) NOy emissions (mg/MJ) as a function of the percentage of coal replaced by hydrogen. (b) Change in NOy emissions relative to the pure coal flame, taken

as the 0% reference (dotted line).

The second zone of accelerating rise (30-100% substitution) -
Beyond 30% hydrogen substitution, the balance tips decisively. NOx
emissions reverse course and climb steeply, from 483 mg/MJ at the
turning point, through a step at 635 mg/MJ at 50% substitution and
ending up at 2498 mg/MJ at 100%, ultimately reaching 219% of the
pure coal reference. The rise is not gradual but accelerating, suggesting
that the mechanisms driving NOy formation become increasingly self-
reinforcing as hydrogen displaces coal.

The dominant driver of this reversal is very likely thermal NOy for-
mation via the Zeldovich mechanism. Two reinforcing effects conspire
to push flame temperatures, and therefore thermal NOy, to increasingly
extreme levels. First, as the coal particle flow diminishes, the thermal
buffering capacity of the solid phase is progressively lost; coal particles
absorb heat from hydrogen, moderating peak flame temperatures. With
fewer particles present, this cooling effect weakens, and the hydrogen
flame temperature is likely increasing with each incremental substitu-
tion step. Second, at constant hydrogen flow, the growing momentum of
the hydrogen jet enhances turbulent mixing, that is likely shortening the
flame and concentrating the reaction zone. This mean that along the
increasing hydrogen flow, both the concentration of reaction zone and
the total hydrogen flame volume is expected to grow. The combination
of higher temperatures and a more intense mixing zone creates condi-
tions in which Zeldovich kinetics operate aggressively.

It is worth noting that the reductions achieved in the first act with the
coal combustion, seems to offer limited practical benefit if operation in
the second act and is likely insignificant at high (>70%) substitution
rates. The precise location of the turning point near 30%, and the
steepness of the subsequent rise, are themselves depend on factors not
fully constrained in this study, including burner geometry, coal type and
particle size and the hydrogen injection configuration. The 30%
threshold should therefore be interpreted as indicative of the conditions
tested here.

5. Conclusion

This study investigated the effects of replacing pulverised coal with
central hydrogen injection on flame behaviour, heat transfer, and NOy
formation under conditions representative of industrial rotary kiln
pelletizing processes. Experiments were performed in a 510 kW exper-
imental combustion furnace using a burner design that enabled varia-
tion of the hydrogen-to-coal energy ratio. Optical imaging,
spectroscopic temperature measurements, heat flux probes, and gas
analyses were employed to characterise the combustion behaviour and
emissions across the full range of fuel substitutions.

The study has shown that co-firing hydrogen with coal promotes
earlier coal ignition, increases flame intensity up to 150% upstream and
particle temperatures, and shifts the primary reaction zone upstream
toward the burner. This restructuring is reflected in the wall heat flux
distribution, with stronger near-burner flux increased by approximately
5% and reduced downstream heat transfer to near —10%. Radiative heat
transfer dominates and remains above pure coal across all co-firing
conditions. Notably, while the transition from pure coal to co-firing
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produces substantial changes in flame structure and heat transfer, var-
iations among the co-firing cases themselves remain comparatively
small, suggesting that once hydrogen is introduced, progressively
increasing its share up to 70% substitution does not fundamentally alter
the combustion behaviour.

A different perspective emerges for NOy formation. Two distinct re-
gimes can be identified.

(1) 0-30% Hs: A monotonic decrease in NOy (down to —38%), driven
by (a) enhanced reduction reactions due to changes in volatile
release, (b) reduced oxygen availability during devolatilization, and
(c) lower fuel-N input. (2) 30-100% Hs: An exponential increase
(up to +219% at 100% Hy), attributed to enhanced thermal NO
formation, overwriting other benefits. While the increase remains
moderate up to ~50% substitution, indicating a practical operating
window still under pure coal level, beyond this threshold, the
exponential rise suggests that burner design and combustion stra-
tegies would need to be fundamentally reconsidered to avoid
excessive NOy emissions at higher hydrogen fractions.
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