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A B S T R A C T

This study examines hydrogen as a low-emission alternative to natural gas in industrial furnace combustion, 
focusing on its well-known benefits of reducing carbon emissions and the technical challenges it presents. While 
decreasing carbon-based emissions with increased hydrogen content is well documented and serves as a primary 
motivation for its adoption, this work investigates the broader implications, particularly the increase in nitrogen 
oxide emissions, a significant contributor to air pollution, due to elevated combustion chamber temperatures. 
Experimental tests were conducted in a pilot-scale industrial furnace equipped with a burner operating at 42 kW, 
using pure methane, pure hydrogen, and various hydrogen-methane blends, over air-excess ratios ranging from 
1.0 to 1.6. Temperature, heat transfer, pollutants, and radical-species emissions during combustion were 
measured using thermocouples, gas analyzers, spectroscopy, and optical imaging. Across the investigated air- 
excess range, carbon dioxide emissions decreased progressively by 10.5%, 18.8%, 45.3%, and 100% as the 
hydrogen content increased from 25% to 100% (relative to pure methane). In contrast, average nitrogen oxide 
emissions were maintained for a mixture of 25% of hydrogen, while they increased up to 28.5% for the blend 
with a 75% hydrogen content (relative to pure methane). Pure-hydrogen operation resulted in higher nitrogen 
oxide emissions, but these were partially mitigated by operating under lean conditions. Overall, hydrogen- 
enriched combustion supports decarbonization but can increase nitrogen oxide emissions, highlighting an 
important trade-off. Chemiluminescence analysis and visual diagnostics using RGB and Ultraviolet imaging 
further highlighted the qualitative differences between methane and hydrogen flames, with important impli
cations for flame monitoring, real-time diagnosis of fuel composition, and safety in hydrogen-fired systems.

These findings improve understanding of hydrogen’s role in industrial decarbonization and motivate the 
development of combustion strategies tailored to effectively control nitrogen oxide emissions.

1. Introduction

The industrial sector plays a vital role in modern economies; how
ever, it is also one of the largest consumers of fossil fuels and a signifi
cant emitter of greenhouse gases (GHGs) [1], making it a key target for 
decarbonization. Traditional fossil fuels, including natural gas and coal, 
remain the predominant sources of energy, especially in applications 
that require high-temperature processes, such as steel production [2]
and glass manufacturing [3]. Hydrogen has emerged as a promising 
alternative to fossil fuels [4] mainly due to its zero-carbon dioxide 
emissions, high energy content (120 MJ/kg) [5], and suitability for high- 
temperature industrial processes such as steel, glass, and cement 

production [6]. Although electrification is considered a promising 
decarbonization pathway for several industrial applications [7], tech
nical limitations related to achievable temperatures and heat transfer 
characteristics can restrict its applicability in high-temperature furnace 
operation [8]. In this context, hydrogen combustion is widely recog
nized as one of the few viable alternatives for decarbonizing industrial 
furnaces operating at elevated temperatures [9]. When produced using 
low-carbon electricity, hydrogen can also contribute to reductions in 
lifecycle greenhouse gas emissions [5]; however, its effective imple
mentation in industrial furnaces primarily depends on combustion 
performance, thermal characteristics and emission control [10].

In industry, hydrogen can be used as a pure fuel or blended with 
natural gas to facilitate a transition to decarbonization [11]. Hydrogen- 
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natural gas blending has been experimentally demonstrated as a feasible 
near-term strategy in existing combustion systems [6], enabling emis
sion reductions while maintaining flame stability and acceptable oper
ational performance [12]. In parallel, blending hydrogen into existing 
natural gas networks has been identified as a policy-relevant near-term 
strategy for using hydrogen [13,14]. The feasibility of replacing fossil 
fuels with hydrogen is currently being studied in multiple sectors: in the 
steel industry, Hydrogen-based Direct Reduction of Iron (H2-DRI) is a 
viable alternative to coal-based processes [16]; in the cement and glass 
industries [4], high-temperature hydrogen combustion is being tested as 
a substitute for fossil fuels [5]; and the chemical industry, which already 
produces and consumes large amounts of hydrogen as a feedstock or by- 
product of its processes, is an early adopter of hydrogen combustion 
technologies [17].

Despite its potential as a clean energy carrier [14], hydrogen com
bustion presents several technical challenges that are particularly rele
vant to industrial furnaces [13]. Key issues include fuel non- 
interchangeability due to the higher flame speed of hydrogen [19], 
which affects flame stability [15] and the performance of existing end- 
use equipment designed for natural gas [18,20]. Moreover, hydrogen 
combustion generally results in higher flame temperature than natural 
gas alone [21], particularly for pure or high hydrogen fractions, with 
direct implications in nitrogen oxides (NOx) formation [22]. Experi
mental [6] and numerical studies consistently report increased NOx 
emissions associated with elevated combustion chamber temperatures 
in hydrogen-rich combustion systems [15]. These emissions may be 
reduced through well-established strategies, such as pre-combustion, 
combustion, and post-combustion techniques [23], which may be 
adapted for hydrogen and hydrogen-natural gas blends [18]. Additional 
approaches, including oxy-combustion and oxygen-enriched combus
tion, which reduce the nitrogen content in the oxidizer, as well as flue 
gas recirculation, which lowers the combustion chamber temperature, 
are also under investigation to further control NOx formation [24]. In 
addition, the lower volumetric energy density of hydrogen and the dif
ference in the Wobbe Index compared to natural gas require adjustments 
to the fuel supply and storage infrastructure [14], which, in some cases, 
may affect energy delivery and performance [19].

Although research on pure hydrogen combustion and compatible 
equipment is advancing, the technology required for a complete tran
sition to hydrogen in industrial furnace applications remains under 
development. There is extensive literature on hydrogen-fueled internal 
combustion engines [25]. Recent efforts have shifted towards the role of 
hydrogen in power generation equipment, such as gas turbines [22], and 
pilot-scale demonstrations and hydrogen-ready industrial equipment 
are emerging [26]. However, large-scale industrial deployment is still 
limited by technical barriers, including burner design optimization, 
material compatibility, updated safety protocols, and infrastructure 
adaptation. As a result, further research and engineering validation are 

crucial to ensure the reliable, efficient, and safe operation of industrial 
systems that use hydrogen as a primary fuel [27,28].

With regard to fuel mixtures, numerous studies have addressed the 
addition of hydrogen to natural gas in combustion systems, including 
laboratory burners and industrial equipment, and many contributions 
rely on Computational Fluid Dynamics (CFD) techniques to analyze 
temperature and emissions in industrial burners and furnaces [29]. In 
the case of furnaces, recent semi-industrial experiments have reported 
NOx formation along with furnace temperature distributions for natural 
gas/hydrogen mixtures up to 100% H2 [26], and other semi-industrial 
studies (often in flameless/oxyfuel configurations) focus on changes in 
heat transfer and radiation when switching from natural gas to hydrogen 
[30]. However, experimental datasets on the operation of air-fired fur
naces that provide both chamber temperatures and regulated emissions 
in a systematic sweep of excess air at constant thermal power remain 
limited.

The present study presents the results of experimental tests con
ducted in an industrial-scale furnace burning various fuels, including 
methane, hydrogen, and their mixtures. The facility is fully instru
mented, enabling the combined analysis of combustion chamber tem
perature and gas-phase emissions under controlled operating conditions. 
Tests were performed at a constant power of 42 kW and under different 
air/fuel ratios. This study investigates the effects of fuel composition and 
air-excess ratio on pollutant emissions and combustion chamber tem
perature. The main contributions of this work are: (i) experimental 
characterization of hydrogen and hydrogen-methane combustion in a 
pilot-scale industrial furnace under conditions relevant to industrial 
energy conversion; (ii) combined analysis of temperature and gas-phase 
emission measurements to assess combustion performance; and (iii) 
systematic evaluation of pollutant emissions as a function of air-excess 
ratio for different fuel blends. Based on this scope, Section 2 describes 
the experimental methodology; Section 3 presents and discusses the 
results, and Section 4 summarizes the main conclusions.

2. Methods

The following sections describe the pilot-scale facility, measurement 
instrumentation, and operating conditions.

2.1. Experimental setup

The experimental tests are conducted in an industrial-scale pilot test 
furnace designed to accommodate various gaseous fuels. The experi
mental setup comprises three main streams: (i) a gaseous fuel stream 
(mixtures of methane and/or hydrogen) supplied from cylinder racks 
and regulated by a specific fuel control panel, with mass flow mea
surement prior to injection into the burner; (ii) a combustion air stream 
supplied by a specific fan, equipped with temperature/pressure probes 
and mass flow measurement, which feeds the burner to control the 
excess air ratio; and (iii) a flue gas stream generated in the combustion 
chamber, which flows through the furnace and then through a heat 
exchanger before being expelled through the flue gas chimney. In 
addition, an independent air stream is driven through the cold side of the 
heat exchanger (HE) air circuit, with controlled inlet and outlet tem
peratures, and expelled to a specific HE air stack. The composition of the 
combustion gases is monitored by sampling probes connected to online 
gas analysers, while the furnace temperature is measured by multiple 
thermocouples distributed throughout the chamber. A schematic rep
resentation of the facility is provided in Fig. 1.

The furnace is equipped with an NBP BP M 5 GV S/70 high-to- 
medium-speed flexible diffusion burner, capable of delivering power 
in the 5–58 kW range when operating on natural gas. The gaseous fuels 
are supplied via two independent premixed gas bottle racks, sourced 
from a certified gas provider. One rack is dedicated to pure methane, and 
the other to hydrogen and hydrogen-methane mixtures. The gas supply 
system is fully equipped with flow conditioning and safety components, 

Nomenclature

CCD Charge-coupled device
CH* Methylidyne radical
C2* Diatomic carbon (Swan bands)
GHGs Greenhouse gases
H2-DRI Hydrogen-based Direct Reduction of Iron
HE Heat exchanger
OH* Hydroxyl radical
RGB Red, Green, Blue
UV Ultraviolet
VIS Visible
λ Air excess ratio, defined as actual air/fuel ratio divided 

by stoichiometric air/fuel ratio
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ensuring precise control over the gas flow. The fuel mass flow rate was 
measured using an Omega FMA-1611A mass flow meter, with an accu
racy of ± 0.8% of reading plus ± 0.2% full scale. The combustion air is 
supplied by a forced-draft fan at an ambient temperature, and its flow 
rate was measured using a Sierra Instruments 620S fast-response 
insertion thermal mass flow meter, with an accuracy of ± 1% full 
scale and repeatability of ± 0.2% full scale. The internal furnace tem
perature is continuously monitored using five type S thermocouples. 
These thermocouples were positioned along the combustion chamber at 
30 cm (T1), 60 cm (T2), 90 cm (T3), 120 cm (T4), and 150 cm (T5) from 
the burner mounting wall. Moreover, they were not positioned directly 
across from the burner head to avoid interference with the spectrum and 
image acquisition. The thermocouple radiation error was estimated by 
applying the radiation-loss approach for sheathed thermocouples, in 
which the measured junction temperature results from a steady-state 
balance between convective heat gain from the hot gases and radia
tive heat exchange with the surrounding enclosure/walls [31]. 
Following the methodology proposed for radiation-loss estimation in 
sheathed thermocouples, the temperature bias was computed from the 
coupled convection–radiation balance, yielding a correction (gas tem
perature minus indicated thermocouple temperature) in the range 
15.1–31.8 ◦C under the present operating conditions.

The test furnace simulates an industrial process load using an air- 
cooled heat exchanger, which consists of a stainless-steel tube bundle 
arranged in a cross-flow configuration within the combustion chamber. 
During testing, the air flow is kept constant, with the heat dissipated 
ranging from 9 to 11 kW, depending on the conditions inside the com
bustion chamber. This setup allows for precise evaluation of heat 
transfer under varying operational conditions during each test. The 
system features inlet and outlet manifolds connected to the tubes via 
flexible silicone pipes, ensuring even airflow distribution. The airflow 
rate was recorded using a Sierra Instruments 620S mass flow meter 
(accuracy: ±1% full scale; repeatability: ±0.2% full scale), while the 
heat transferred to the load was determined using the flow rate mea
surement in conjunction with temperature readings from two Type K 
thermocouples placed at the inlet and outlet manifolds.

The composition of the combustion products is analyzed at two 
distinct locations within the system, utilizing two separate gas analyzers: 

inside the combustion chamber, at 210 cm from the burner wall, an MRU 
Vario Plus Industrial gas analyzer is employed to measure carbon 
monoxide (CO), oxygen (O2), carbon dioxide (CO2), NOx, as nitrogen 
monoxide (NO) and nitrogen dioxide (NO2) concentrations, and 
methane (CH4), whose values are presented in this work. The mea
surement principles, ranges, and accuracies of these gas analyzers are 
summarized in Table 1. The measurement uncertainty of NOx was 
determined point-by-point based on the specifications of the NO and 
NO2 analyzers. For NOx values below 100 ppm, the uncertainty 
remained approximately constant at 7.1 ppm, while for higher values, 
the combined uncertainty increased to 11.6 ppm (5.6% relative).

The second location is the flue gas chimney, 200 cm from the com
bustion chamber fumes outlet, where a Siemens Ultramat 23 gas 
analyzer provides additional measurements of CO, O2, CO2, NOx, CH4, 
and H2. The data from the second analyzer are not used in this work and 
were primarily employed solely to ensure safety by mitigating risks 
associated with unburned gaseous fuel while also serving as a validation 
reference for the primary analyzer measurements.

All air and gas flow measurement instruments, as well as gas analysis 
equipment, have been calibrated by an accredited laboratory or possess 
the manufacturer's calibration certificate in the case of new equipment, 
ensuring that the uncertainty is within the specified ranges.

Fig. 1. Schematic of the experimental facility.

Table 1 
Specifications of the gas analyzers.

Gas Measurement Principle Range Accuracy

O2 Electrochemical 0–21.0%v ± 0.2%v abs.
CH4 Non-dispersive infrared 

(NDIR)
0–10000 ppm ± 60 ppm or 5% 

reading
CO NDIR 0–10000 ppm ± 40 ppm or 5% 

reading
CO2 NDIR 0–30%v ± 0.5% or 3% reading
NO Electrochemical 0–1000 ppm (up to 

5000 ppm)
± 5 ppm or 5% reading 
≤ 1000 ppm 
10% reading > 1000 
ppm

NO2 Electrochemical 0–200 ppm (up to 
1000 ppm)

± 5 ppm or 5% reading 
≤ 200 ppm 
10% reading > 200 
ppm

J. Arroyo et al.                                                                                                                                                                                                                                  Energy Conversion and Management 356 (2026) 121350 

3 



All measurement instruments and the furnace control rack are inte
grated into a central computer system, which continuously acquires and 
records data at a sampling frequency of 1 Hz.

The furnace is also equipped with two optical inspection quartz 
windows at the front and side of the combustion chamber. This allows 
direct visual access to the flame and transmission of ultraviolet (UV) 
radiation, facilitating optical monitoring. A portable spectrometer and 
four CCD cameras were installed at these locations to capture flame 
spectra and imaging data across both UV and visible (VIS) wavelength 
ranges, utilizing passband filters to isolate specific spectral regions. 
Table 2 summarizes the optical instruments used in the study, some of 
which are illustrated in Fig. 2. This figure also presents images of the test 
furnace and the visual setup installed in the two inspection windows. 
Regarding the optical equipment used, captures were made for all the 
operating points and fuels presented during the tests, of which a small 
sample is presented in this work. It is important to note that, throughout 
all the tests and under all conditions, both the exposure time and other 
camera lens parameters were kept constant in anticipation of future 
combustion monitoring algorithms based on computer vision.

The results are obtained from a series of trials with different 
hydrogen-methane blends, whose main characteristics are shown in 
Table 3. The measurement procedures during these trials are based on 
methodologies established in previous trials, which have led to the 
publication of several scientific studies [32,33].

The goal of using these mixtures is to evaluate furnace performance 
and emissions as the hydrogen percentage increases to 100%. Methane is 
used as a baseline fuel since it is the main component of natural gas, and 
hydrogen is used as a substitute fuel. The furnace operates at a constant 
thermal power of 42 kW for all tests, regardless of the fuel composition. 
The burner inlet gas pressure is regulated accordingly to maintain the 
required fuel flow rate, compensating for variations in the calorific value 
of different mixtures.

Methane was used during the preheating phase, which lasted 
approximately 6 h until the furnace reached a steady temperature. Once 
the furnace reached its nominal temperature, the fuel line was switched, 
and it began operating with the target test mixture. It was ensured that 
all residual gases in the combustion chamber were entirely replaced by 
those generated from the test fuel before taking measurements. Conse
quently, the measurements of the flue gas concentrations were 
stabilized.

Thus, the air excess ratio (λ), defined as the actual-to-stoichiometric 
air-to-fuel ratio, was systematically varied for each gas mixture, ranging 
from values close to stoichiometric conditions (λ ≈ 1) to those close to 
combustion instability thresholds when combustion is fuel lean (λ > 1) 
by modifying the air flow rate, after which the furnace was stabilized for 
10 min. Based on the operation and commissioning of the installation, it 
was verified that once steady-state operating temperature had been 
reached, following small changes in the airflow rate, the system attained 
its new steady state, verified by the stability in the mean oxygen con
centration and in the temperatures, within these 10 min. Then, the 
variables were recorded over a 3-minute period, yielding 180 data 

points that constitute a representative sample for calculating the mean 
values reported in this study. During this period, spectra and images of 
all visual equipment were acquired.

3. Results and discussion

This section presents the experimental findings obtained from the 
combustion of the different fuel blends (Table 3). The results confirm a 
significant influence of both fuel composition and air-to-fuel ratio on the 
thermal behavior and flue gas emissions. Throughout the experimental 
campaign, the thermal power was kept constant, varying only the 
airflow rate supplied to the burner for each of the fuels studied to 
analyze the effect of excess or deficiency of oxidizer in the system. Fig. 3
shows the evolution of gaseous emissions of a) NOx, b) CO2, and c) CO as 
a function of the air-excess ratio.

Fig. 3 (a) shows NOx emissions, calculated as the sum of the 
measured nitrogen oxides of the gas analyzers: NOx = NO + NO2. The 
analysis of the plots demonstrates that NOx emissions (measured at 3% 
O2, dry basis) increase with the hydrogen fraction, with the sensitivity to 
fuel composition being most pronounced near stoichiometric and 
slightly lean conditions. At λ values ranging from 1.10 to 1.15, NOx 
levels remain within the range of 50–60 ppm for the 100CH4, 
75CH4–25H2, and 50CH4–50H2 blends, but rise significantly to 80 ppm 
for the 25CH4–75H2 blend (+60%) and reach 200 ppm for 100H2 
(approximately 3.4 × the 100CH4 level).

In terms of the air-excess ratio, all fuel mixtures exhibit a maximum 
NOx concentration at λvalues ranging from 1 to 1.10, which corresponds 
to conditions where the peak flame temperature is highest, thereby fa
voring thermal-NOx formation via the extended Zeldovich mechanism 
[34]. The 100H2 case exhibits the highest peak NOx values, reaching 
approximately 200 ppm, and remains distinctly elevated compared to 
the CH4-containing blends in the near-stoichiometric region. This 
observation is consistent with the strong temperature dependence of 
thermal-NOx formation and aligns with findings reported in [26]. As λ 
increases (indicating leaner operation), NOx emissions decrease across 
all mixtures and converge to a range of approximately 50–70 ppm for λ 
≥ 1.4, indicating that lean combustion significantly diminishes the 
impact of the hydrogen fraction on NOx emissions due to lower peak 
temperatures (thermal dilution) [26,35].

These results are consistent with previous studies, including those by 
Kikuchi et al. [24], who observed that using a burner designed for city 
gas led to a nearly 100% increase in NOx emissions when operating with 
pure hydrogen compared to the original city-gas fuel. Additionally, 
studies by Schwarz et al. [26] have reported that replacing natural gas 
with hydrogen can increase dry NOx emissions by approximately 38% 
under comparable firing conditions, with increases reaching 160–170% 
at specific operating points. These trends are in line with the observa
tions made in the current study.

After normalization to 3% O2, dry basis the measured CO2 concen
tration (Fig. 3(b)), decreases monotonically with increasing H2 fraction, 
while the influence of air excess ratio (λ) within the investigated range is 
comparatively small (typically < 0.5 vol% within a given blend). 
Averaged over the tested λ values, 100CH4 yields the highest CO2 levels 
(9.1 vol%). Substituting CH4 with H2 produces stepwise reductions: 
75CH4–25H2 gives 7.6–7.9 vol% (8–12% reduction compared to 
100CH4), 50CH4–50H2 gives 6.7–7.3 vol% (15–23% reduction 
compared to 100CH4), and 25CH4–75H2 gives 4.5–5.0 vol% (40–45% 
reduction compared to 100CH4). As expected, 100% H2 results in CO2 
levels close to zero (≈ 0 vol%) across the whole λ range, corresponding 
to an ~ 100% reduction in direct CO2 compared with CH4. Overall, 
replacing 75% of CH4 with H2 cuts the corrected CO2 concentration by 
roughly 3.5–4.0 percentage points, highlighting the strong potential of 
H2 co-firing to reduce direct greenhouse-gas emissions in industrial 
thermal applications [36]. These results are consistent with those pre
sented by other authors in experimental studies. For example, Bloj et al. 
observed a reduction in CO2 emissions when using a 75CH4-25H2 blend 

Table 2 
Equipment used in the inspection windows during the trials.

Equipment Brand and model Optical 
filter

Window Exposure time

Spectrometer Ocean Optics 
Flame-S 
Miniature

− Frontal 1000 ms 
(integration 
time)

VIS RGB 
Camera

Imaging Source 
DFK 33GX174

− Frontal 8.3 ms

(UV–VIS) 
Camera

Raptor Photonics 
Falcon Blue

310 nm ±
10 nm

Frontal 1000 ms

VIS RGB 
Camera

Jai GO-5000-PGE − Lateral 8.5 ms

(UV–VIS) 
Camera

EHD − 704UV 310 nm ±
10 nm

Lateral 220 ms
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compared to G222 gas (73% CH4 − 23% H2 by volume) [37].
Additionally, in [38], a reduction of 22.78% was reported when 

using a 50% CH4 and 50% H2 mixture, and a 46.96% reduction was 
observed with a 75% CH4 and 25% H2 blend, both of which align with 
the findings of the present study.

Fig. 3(c) shows that CO emissions (3% O2, dry basis) are strongly 
localized around near-stoichiometric operation and become near-zero 
for λ approximately 1.05 for all fuel blends. This phenomenon typi
cally occurs when the available oxygen is insufficient to achieve com
plete oxidation of the carbon in the fuel, or when localized regions of 
poor air–fuel mixing are present [39]. At λ approximately1.00, a distinct 
maximum is observed for CH4-rich fuels: 100CH4 reaches 0.40 vol% CO, 
while blending H2 markedly suppresses this peak to 0.08 vol% for 
75CH4–25H2 (80% lower than CH4), 0.02 vol% for 50CH4–50H2 (≈ 95% 
lower), and ≤ 0.01 vol% for 25CH4–75H2 (≥ 97% lower). As expected, 
100% H2 yields negligible CO across the investigated λ range, consistent 
with the absence of carbon in the sharp reduction in CO with increasing 
λ reflects the transition from conditions where CO oxidation can be 
locally limited (e.g., marginal oxygen availability, finite residence time, 
and/or imperfect mixing near stoichiometric firing) to leaner conditions 
where excess oxygen and enhanced post-flame oxidation drive CO to
ward completion to CO2. The systematic decrease in the near- 
stoichiometric CO peak as the H2 fraction is primarily explained by 
the reduced carbon content in the fuel–gas mixture, while faster H2- 
enriched kinetics and increased H/O radical availability further enhance 

CO to CO2 conversion under the same global λ [40]. This dependence on 
excess air has also been reported by other authors, such as Jiang et al. in 
their industrial-scale experiments with methane–hydrogen mixtures 
[41], and by Huang et al. in their experiments comparing conventional 
combustion with MILD combustion in an experimental test furnace [42].

Based on emission trends, the best operating conditions would 
correspond to a value of λ between 1.1 and 1.2 in the case of methane 
and hydrogen-rich mixtures, since a controlled generation of NOx is 
promoted, and CO emissions are eliminated while maintaining CO2 
generation (which remains very similar across the entire range of 
Lambda values). In the case of hydrogen, NOx emissions at these values 
are high, so it is recommended to increase the excess air to contain them, 
as the combustion kinetics of hydrogen allow for a broader range of 
excess air.

Fig. 4 illustrates the variation in the combustion chamber tempera
ture at the thermocouple T1 location as a function of the excess air co
efficient for the different fuel mixtures. The recorded temperature 
profiles reflect the combined influence of hydrogen content and air flow 
rate on combustion intensity. The peak T1 temperatures were observed 
under stoichiometric conditions (λ = 1) based on the experimental data, 
particularly in mixtures with higher hydrogen content. This effect is 
explained by the high enthalpy of combustion of hydrogen and its ability 
to intensify reactions in the primary combustion zone [43]. The 
maximum temperatures progressively decreased as the airflow 
increased (due to the dilution effect). Since the combustion gases 
contain more mass to heat due to the greater excess air and a significant 
amount of water vapor, the heat released is distributed over a larger heat 
load, resulting in lower temperatures as λ increases. In addition, 
hydrogen flames produce no soot or CO2, so they radiate less than hy
drocarbon flames, which may also contribute to lower temperatures 
measured by thermocouples. [44].

The temperature trends show a consistent coupling between the 
temperature measured at thermocouple T1 and NOx formation. As λ 
increases, the temperature decreases and NOx generally peak close to 
near-stoichiometric conditions before decreasing at higher λ. In 

Fig. 2. (a) Furnace chamber, (b) camera setup from the front view with the Raptor Photonics Falcon Blue and the Jai GO-5000-PGE, (c) camera setup from the side 
view with the Imaging Source DFK 33GX174 and the EHD-704UV.

Table 3 
Composition of the fuel blends used.

Mixture CH4 (% vol) H2 (% vol) PCI (MJ/Nm3)

100CH4 100 0 35.85
75CH4-25H2 75 25 29.58
50CH4-50H2 50 50 23.31
25CH4-75H2 25 75 17.05
100H2 0 100 10.78
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addition, increasing the H2 share shifts the operation towards higher 
temperatures near λ = 1 and correspondingly higher NOx levels, with 
100H2 case exhibiting the highest temperatures and the largest NOx 
peak.

This temperature reduction, consistent with the decrease in NOx 
emissions, highlights the importance of fine-tuning the aeration regime 
to balance efficiency and emission control.

Regarding chemiluminescence analysis, Fig. 5 presents the 

Fig. 3. Evolution of pollutant emissions versus air excess ratio (λ) standardized to 3% oxygen at dry conditions (a) NOx, (b) CO2, (c) CO.

Fig. 4. Temperature inside the combustion chamber (a) in the first thermocouple, (b) average temperature of the five thermocouples.
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normalized spectra obtained from the combustion of the different 
blends, displayed across the full spectrometer range (200 to 900 nm) in 
(a) and the 200–550 nm spectral window in (b). For each fuel type, the 
corresponding spectrum was generated by first averaging the spectral 
data over all measurement points, followed by min–max normalization 
of the resulting average spectrum.

In all cases, a pronounced broadband emission is observed in the 
500–900 nm range, with intensity progressively increasing toward 
longer wavelengths. This portion of the spectrum is primarily associated 
with thermal radiation emitted by the burner and surrounding re
fractory materials, which operate at elevated temperatures and emit 
strongly in the orange, red, and near-infrared regions [45].

The observed increase in thermal radiation from the refractory zone 
with higher hydrogen content can be attributed to the shorter flame 
length characteristic of hydrogen combustion. Due to the high diffu
sivity and fast reaction kinetics of hydrogen, combustion reactions occur 
closer to the burner surface, resulting in a more compact and intense 
flame. This proximity imposes a greater thermal load on the burner and 
its surrounding refractory components, resulting in elevated surface 

temperatures. Since thermal radiation scales with the fourth power of 
temperature (as described by the Stefan–Boltzmann law), even modest 
increases in surface temperature may significantly enhance radiative 
emission in the visible and near-infrared spectra.

Conversely, methane-rich flames exhibit longer lengths, with com
bustion reactions occurring further downstream. This increased flame 
standoff distance reduces thermal interaction with the burner surface, 
resulting in lower temperatures in the refractory zone and, conse
quently, a weaker radiative contribution in the corresponding spectral 
region.

The analysis of Fig. 5 combined with that of Fig. 6, which shows the 
spectra obtained for the different mixtures at an approximate λ of 1.1, 
allows for the analysis of the distinct chemiluminescent peaks corre
sponding to combustion radicals OH*, CH*, and C2*. In the OH* band 
(306–320 nm), indicative of high-temperature regions and flame front 
activity, hydrogen addition is expected to accelerate reactions, 
increasing local OH* concentrations, but overall OH* intensity de
creases because methane plays a significant role in its formation [46]
and, as the proportion of methane decreases, the OH* peak diminishes. 

Fig. 5. Normalized average spectra for the different methane–hydrogen mixtures (a) from 200 nm to 900 nm and (b) from 200 nm to 550 nm.

Fig. 6. Emission spectra of the different methane–hydrogen mixtures at an approximate air excess ratio of 1.1.

J. Arroyo et al.                                                                                                                                                                                                                                  Energy Conversion and Management 356 (2026) 121350 

7 



However, the OH * intensity peaks in 100H2 flames due to enhanced 
radical formation and faster combustion kinetics, which leads to a more 
turbulent flame in the area near the burner, as later verified in this study 
by analyzing the images captured with ultraviolet filters [47].

In contrast, the CH* band (428 nm), associated with hydrocarbon 
combustion, is prominent in methane-rich mixtures and its intensity 
decreases as the H2 fraction in the mixture increases. Similarly, the C2* 
Swan bands (~470–515 nm), markers of hydrocarbon breakdown and 
soot precursor activity, are strongest in CH4-dominant blends and absent 
in H2 flames [48,49]. Therefore, spectral trends confirm that hydrogen 
enrichment suppresses soot-forming pathways while promoting radical- 
driven combustion [50].

In addition to the quantitative results, RGB and UV images of the 
flames were obtained under the studied conditions, as shown in Fig. 7. 
The RGB images revealed significant visual differences between the 
mixtures. Flames with high hydrogen content appeared shorter, more 
stable, and reddish in hue, characteristics associated with higher tem
perature and reaction rate. On the other hand, flames of 100% CH4 or 
low λ conditions exhibited a more yellowish and elongated coloration, 
indicative of areas with incandescent particles or incomplete combus
tion. Additionally, UV imaging visualized the emission of reactive spe
cies (OH*) associated with the chemical activity of the flame. These 

images were useful for identifying areas of high reactivity and con
firming the combustion intensity in mixtures with a higher hydrogen 
content.

Fig. 7 visually compares the flames of 100CH4, 100H2, and a repre
sentative mixture (50CH4-50H2) under two distinct excess air co
efficients: stoichiometric (λ = 1) and fuel-lean (λ > 1). RGB images 
illustrate variations in flame luminosity and structure. Hydrogen-rich 
flames exhibited higher luminosity and more distinct ring structures, 
particularly under richer conditions [51]. Ultraviolet (UV) imaging 
revealed the spatial distribution of reactive OH*, showing more intense 
and spatially extended chemiluminescence in flames of hydrogen, 
particularly in fuel-rich conditions. These results open up the possibility 
of potential combustion monitoring with these types of mixtures at an 
industrial level, using computer vision to monitor variations in the flame 
and even predict pollutant emissions.

4. Conclusions

Experimental findings confirm the feasibility of complete hydrogen 
combustion within existing industrial furnace infrastructure originally 
designed for natural gas. However, to accommodate the higher flame 
speed of hydrogen compared to methane, burner modifications are 

Fig. 7. RGB and UV combustion images, front and side views, for three different fuels: 100CH4, 100H2, and 50CH4-50H2.
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required to maintain flame stability and avoid liftoff, an issue commonly 
encountered due to hydrogeńs high diffusivity and reactivity.

As expected, a key finding is the strong inverse correlation between 
hydrogen content in the fuel mixture and carbon-based emissions. As 
hydrogen concentration in the fuel increases, both CO and CO2 emis
sions decrease significantly, especially above 50%, with complete 
elimination under 100% hydrogen operation. This outcome, directly 
related to the absence of carbon in hydrogen, highlights its strong 
decarbonization potential when used as a full or partial substitute for 
methane in combustion systems.

In contrast, NOx emissions rise significantly with increasing 
hydrogen content, reaching maximum values when the hydrogen con
tent is 100%. This is attributed to the elevated combustion chamber 
temperatures characteristic of hydrogen combustion, which enhance 
thermal NOx formation through the Zeldovich mechanism. Temperature 
measurements confirm this behavior: peak temperatures measured with 
the thermocouples located along the combustion chamber are observed 
under stoichiometric conditions (λ = 1), based on the data obtained 
during the tests. It should be noted that the measurements are relative, 
as the excess air coefficient was not experimentally tested for values less 
than 1. As the air flow increases beyond stoichiometric conditions, a 
progressive reduction in temperature is observed, which suggests that 
the heat transfer and combustion efficiency decrease with higher air 
supply. These thermal trends have direct implications for both emissions 
and heat transfer performance in industrial operations. These results 
highlight a significant challenge for the practical implementation of 
hydrogen in industrial settings and underscore the need for effective 
NOx control strategies, such as oxy-combustion, flue gas recirculation, 
or burner redesign.

Spectroscopic analysis through chemiluminescence revealed distinct 
differences in radical species based on fuel composition. Methane- 
containing mixtures exhibited characteristic emissions from C2*, CH*, 
and OH*, while pure hydrogen combustion produced only the OH* 
signal. The OH* band (306–320 nm), indicative of high-temperature 
reaction zones, intensified with increasing hydrogen content, while 
CH* (428 nm) and C2* (~470–515 nm) were only present in methane- 
rich flames. This confirms that hydrogen enrichment suppresses soot- 
forming hydrocarbon pathways while promoting radical-driven com
bustion. Additionally, a pronounced broadband emission in the 
500–900 nm range was observed in all cases, primarily associated with 
thermal radiation from burner and refractory surfaces. As hydrogen 
content increased, the intensity of this radiation also increased. These 
findings not only verify the carbon-free nature of hydrogen flames but 
also validate chemiluminescence species as useful real-time indicators of 
fuel composition.

Finally, visual diagnostics using RGB and UV imaging further high
lighted the qualitative differences between methane and hydrogen 
flames. Methane-rich flames were easily visible in the RGB spectrum, 
due to soot and carbon-based radiative emissions, whereas hydrogen 
flames appeared nearly invisible in the same range but exhibited strong 
signals in the UV spectrum associated with OH* chemiluminescence. 
This contrast has important implications for flame monitoring and safety 
in hydrogen-fired systems.

Overall, the results offer valuable experimental insights into the 
challenges and opportunities of hydrogen use in industrial thermal ap
plications, laying the groundwork for future work focused on emission 
mitigation techniques and real-time diagnostic tools to enable the reli
able and clean integration of hydrogen into industrial thermal systems. 
In particular, further research will aim to optimize burner geometries 
and apply advanced NOx-control strategies (e.g., FGR, steam dilution, 
staged combustion, Oxy-hydrogen combustion and heat recovery) under 
dynamic industrial operating conditions. It will also develop cost- 
effective real-time optical diagnostics for flame/fuel monitoring and 
perform techno-economic and lifecycle assessments to evaluate 
hydrogen retrofitting feasibility across industrial sectors.
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