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Abstract

Decarbonization of district heating (DH) systems requires practical solutions that can
reduce greenhouse-gas (GHG) emissions while utilizing existing infrastructure. There-
fore, the study experimentally evaluates hydrogen–methane-based gas co-combustion in
a real urban DH installation in Riga, Latvia, using a 6.3 MW hot-water boiler operating
under commercial conditions without equipment modification. Experiments were con-
ducted under steady-state operating conditions by blending hydrogen with the baseline
methane-based gas at volumetric fractions of 0%, 10%, and 20%. Thermal performance and
emissions (CO2, NOx, and CO) were monitored during 30 min measurement periods, and
three independent experiments were performed for each hydrogen blending level. The
experimental data were analyzed using one-way analysis of variance (ANOVA) to evaluate
the statistical significance of the observed changes. Stable ignition, flame anchoring, and
load-following performance were maintained under all investigated conditions, and no
flashback or blow-off events occurred. Boiler efficiency remained essentially constant at ap-
proximately 92% (92.1–91.9%), while thermal output was maintained at 6.3 MW. When CO2

emissions were normalized to useful thermal energy output (kg CO2/MWh), the specific
CO2 emission intensity decreased from 202 kg/MWh for pure methane-based gas operation
to 161 kg/MWh at 20 vol.% hydrogen addition, corresponding to an approximately 20%
reduction in the carbon intensity of delivered heat under the investigated operating condi-
tions. Carbon monoxide (CO) emissions remained low (~6–7 mg/kWh) and particulate
matter concentrations remained below 1 mg/m3. Nitrogen oxide emissions increased
moderately from approximately 40 mg/kWh to 52 mg/kWh due to enhanced combustion
temperatures but remained within applicable regulatory limits. No degradation of safety
systems, fuel metering equipment, or infrastructure and no leakage events were observed
during the experiments. The results demonstrate that hydrogen blending up to 20 vol.%
can achieve substantial reductions in the carbon intensity of heat generation while pre-
serving boiler performance and operational safety, confirming hydrogen co-combustion
as a practical transitional decarbonization pathway for existing DH systems. They also
uncover the potential of hydrogen blending to support the sustainable decarbonization
of DH systems by reducing GHG emissions while preserving existing infrastructure and
operational reliability.

Keywords: hydrogen blending; district heating; methane-based gas-hydrogen co-combustion;
emissions reduction
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1. Introduction
The energy transition and transformation of power systems represent a fundamen-

tal shift from centralized, fossil-based generation toward decentralized, low-carbon,
and increasingly electrified energy infrastructure. The transition is driven by the rapid
deployment of renewable energy sources, particularly wind and solar, whose variability
introduces new operational challenges related to system balancing, flexibility, and relia-
bility. In this regard, sector coupling has emerged as a key strategy, linking electricity,
heating, and gas systems to enhance energy system efficiency and resilience. DH net-
works are gaining renewed importance as flexible energy sinks capable of integrating
excess renewable electricity through technologies such as power-to-heat and hybrid
fuel systems.

At the same time, the decarbonization of gaseous energy carriers is becoming a
critical component of power system transformation, with green hydrogen playing a central
role as a low-carbon energy vector. The integration of hydrogen into existing natural
gas infrastructure, particularly through blending pathways, offers a transitional option
that leverages existing assets while reducing GHG emissions. However, this approach
raises important technical, economic, and regulatory questions, particularly concerning
combustion performance, infrastructure compatibility, and end-use efficiency.

The decarbonization of DH systems is an important component of European climate-
neutrality objectives. Among the available transition pathways, hydrogen blending into
existing methane-based gas infrastructure has attracted considerable interest because it can
reduce the carbon intensity of heat generation while utilizing existing gas transmission,
distribution, and combustion assets. European decarbonization policies have further stimu-
lated interest in hydrogen utilization within existing gas and DH infrastructure [1–25].

Hydrogen is increasingly recognized as a versatile energy carrier with applications
in industrial processes, heating systems, transportation, power generation, and electro-
chemical energy conversion technologies such as proton exchange membrane fuel cells,
highlighting its potential to support energy-system decarbonization across multiple sectors.
While the present study focuses on hydrogen utilization in DH combustion systems, it
contributes to the wider transition toward hydrogen-based energy solutions.

Compared with methane, hydrogen exhibits higher flame speed, lower ignition en-
ergy, and wider flammability limits, which can significantly influence combustion sta-
bility, heat release, and emission formation [26,27]. As a result, the practical feasibility
of hydrogen blending must be validated under real operating conditions using full and
pilot-scale installations.

While numerous laboratory-scale studies and numerical simulations have investigated
hydrogen–methane-based gas combustion [28–33], empirical evidence from operational
DH plants remains limited. Existing studies often focus on small burners or controlled
kilowatt-scale test rigs, which do not fully capture the complexity of industrial installations,
such as dynamic load variations, integrated control systems, and long-duration operations.
Variations in boiler design, burner technology, and control strategies necessitate site-specific
validation to ensure reliable and safe deployment [33]. Therefore, experimental demonstra-
tions conducted in real-world industrial installations play a crucial role in bridging the gap
between the theoretical potential of methane-based gas and hydrogen gas blending and its
practical implementation.

At the same time, over the past decade, hydrogen blending into methane-based gas
networks has received increasing attention as a practical pathway for reducing GHG
emissions while utilizing existing energy infrastructure. Previous investigations have
demonstrated that moderate hydrogen admixtures can substantially decrease the carbon
intensity of gaseous fuels without requiring complete replacement of transmission and
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distribution systems [34]. In most cases, hydrogen-enriched mixtures exhibit enhanced
reactivity and improved combustion completeness owing to the high diffusivity and rapid
oxidation kinetics of hydrogen [35]. At the same time, the higher reactivity of hydrogen
may increase combustion temperatures and modify flame structure, potentially affecting
emission formation mechanisms and operational safety [36].

A considerable body of research, such as [37], has examined hydrogen-methane co-
combustion through laboratory experiments and numerical simulations. These studies
generally indicate that hydrogen fractions of up to approximately 20% by volume can be
accommodated by existing combustion systems while maintaining stable operation and
acceptable performance. Several studies have reported reductions in ignition delay and
improvements in flame stability due to the lower minimum ignition energy and wider
flammability range of hydrogen [38]. Other studies have demonstrated that hydrogen
enrichment can increase laminar flame speed and accelerate combustion processes, re-
sulting in more rapid heat release and improved fuel conversion efficiency. However,
elevated flame temperatures may also intensify thermal nitrogen oxide formation, creat-
ing a trade-off between carbon reduction and pollutant emissions that requires careful
combustion control [39].

The environmental implications of hydrogen blending have also been widely investi-
gated. Most published studies have reported significant reductions in CO2 emissions as
the hydrogen fraction increases because hydrogen combustion does not directly generate
carbon emissions [39]. Simultaneously, CO emissions generally remain low owing to im-
proved combustion completeness, while particulate matter emissions are often negligible
because gaseous fuels do not contain significant solid-phase precursors.

Several major hydrogen demonstration projects, including HyDeploy, GRHYD,
THyGA, HYFLEXPOWER, and HyCoFlex, have confirmed the technical feasibility of
hydrogen integration in gas networks, end-use appliances, and industrial energy sys-
tems. However, these projects primarily focused on infrastructure compatibility, appliance
performance, or power generation rather than DH boilers [9,40–45].

Experimental investigations of hydrogen-enriched natural gas combustion in MW-
scale DH boilers remain limited, particularly under full-scale industrial operating condi-
tions. Ref. [46] conducted field tests on a 2 t/h industrial steam boiler with approximately
10 vol.% hydrogen and demonstrated stable operation while evaluating thermal efficiency
and NOx emissions. At the same time, Ref. [47] investigated condensing boilers operating
with up to 23 vol.% hydrogen and reported CO2 reductions without significant performance
penalties. Ref. [48] again examined hydrogen blending up to 30 vol.% in a natural-gas-fired
boiler and observed changes in combustion and emission characteristics.

To address this gap, the present study investigates hydrogen–natural gas blends
containing up to 20 vol.% hydrogen DH boiler operating in the Nordic region, in Latvia.
In this country DH continues to play an important role in urban energy supply, covering
a share of 36–92% of the total heat supply [49]. Existing gas-fired DH systems represent
substantial infrastructure assets that are expected to remain operational during the energy
transition and therefore require practical decarbonization solutions that can be implemented
without extensive equipment replacement. In this context, experimental validation under
real commercial conditions becomes essential for assessing whether hydrogen blending can
simultaneously reduce carbon intensity, preserve thermal efficiency, maintain combustion
stability, and satisfy operational safety requirements. There is a clear need for additional
full-scale investigations that provide high-quality empirical evidence regarding the practical
feasibility of hydrogen integration in existing DH systems and support informed decisions
by system operators, policymakers, and energy planners [50].
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The study provides experimental evidence from a 6.3 MW district-heating boiler
operating under commercial conditions, thereby extending the available knowledge from
laboratory- and small-scale systems to medium-scale heat-generation infrastructure.

It addresses experimental co-combustion of hydrogen and methane-based fuel at boiler
house A, which houses a hot water boiler with a nominal thermal capacity of 6.3 megawatt
(MW). The selected facility represents an element of urban DH systems widely deployed
across the EU, thereby providing a relevant and replicable case study [51]. The operational
tests were designed to assess the technical feasibility, environmental performance, and
operational stability of hydrogen blending under normal commercial operating conditions
without any system modification.

The study hypothesizes that hydrogen blending up to 20% by volume can be imple-
mented in an existing methane-based gas-fired DH boiler without compromising combus-
tion stability, thermal efficiency, or operational safety, while reducing the carbon intensity
of heat production. Because hydrogen possesses a substantially lower volumetric heating
value than methane, the magnitude of CO2 reduction is not assumed to be directly propor-
tional to the volumetric hydrogen fraction and depends on the emission normalization basis
and operating conditions. The hypothesis aligns with current infrastructure compatibility
thresholds and with emerging European regulatory and policy frameworks that consider
hydrogen blending as a transitional measure for decarbonizing the gas sector [52,53].

To test the hypothesis, the study addresses several interrelated questions: (1) How
does hydrogen blending influence combustion behavior, including ignition stability, flame
characteristics, and heat release dynamics, under real operating conditions? (2) What is the
impact of hydrogen addition on thermal performance indicators such as boiler efficiency,
stack gas temperature, and heat recovery performance? (3) How do gaseous emissions,
particularly CO2 and NOx, evolve as a function of hydrogen volumetric fraction, and
can regulatory compliance be maintained through existing control strategies? (4) Does
hydrogen blending introduce measurable operational or safety risks related to fuel supply
infrastructure, control systems, or material integrity?

The novelty of this study lies in the experimental evaluation of hydrogen–methane
co-combustion in a full-scale 6.3 MW DH boiler operating under real industrial conditions
in Latvia. Unlike most previous studies based on laboratory-scale experiments, residential
applications, or numerical simulations, the present work provides experimentally validated
data on combustion stability, boiler efficiency, CO2 emissions, NOx formation, operational
safety, and system compatibility for hydrogen blending ratios of up to 20 vol.%. The
study is particularly relevant in the Latvian and broader Baltic and Nordic context, where
DH systems remain important components of urban energy supply and are undergoing
progressive decarbonization [54,55]. By providing practical evidence from a commercial-
scale facility, the work contributes to the limited body of full-scale hydrogen-combustion
demonstrations currently available in the region.

Despite its comprehensive scope, the study is subject to certain limitations that must
be stressed. The operational tests conducted in this study were focused on short-term
system performance and therefore did not include evaluation of long-term material be-
havior or durability. The experiments did not assess cumulative degradation processes,
such as hydrogen embrittlement, microstructural alterations in metallic components, or
ageing-related deterioration of seals and gaskets, which typically develop over prolonged
exposure periods and under cyclic thermal and mechanical loading conditions [56,57].
As a result, while the findings provide valuable insight into the immediate operational
feasibility of hydrogen blending, they do not allow for a comprehensive assessment of
long-term structural integrity and component lifetime. Addressing these aspects requires
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dedicated long-duration testing and material-level investigations, which are recommended
for future research.

2. Materials and Methods
The methodological approach adopted in this study is based on a structured exper-

imental protocol implemented directly within the operational DH plant. Hydrogen was
introduced into the methane-based gas supply through a dedicated volumetric blending
manifold located upstream of the burner system. Hydrogen flow was regulated by a cali-
brated thermal mass flow controller and mixed with the methane-based gas stream under
turbulent conditions to ensure homogeneous composition prior to combustion. Three fuel
blend configurations were examined, corresponding to hydrogen volumetric fractions of
0, 10, and 20%. These fractions were selected to represent realistic near-term deployment
scenarios while remaining within widely accepted compatibility limits for existing gas
infrastructure [58,59].

The experimental methodology integrates continuous monitoring of combustion pa-
rameters, thermal performance indicators, and emission concentrations using the boiler
house’s digital control and data acquisition systems. Combustion control was achieved
through automated regulation of excess air based on real-time oxygen (O2) concentration
measurements, allowing stable operation across varying fuel compositions. Emission
measurements were conducted in accordance with applicable European standards, en-
suring consistency and comparability with regulatory requirements. Operational safety
was addressed through enhanced monitoring, hydrogen-sensitive detection systems, and
validated emergency shutdown procedures.

The present study does not employ advanced combustion diagnostics or detailed
kinetic modelling to investigate flame structure, radical formation, or reaction mechanisms
at a fundamental level, and therefore provides a system-level rather than micro-scale
characterization of hydrogen-enriched combustion.

The maximum hydrogen blending ratio was limited to 20% vol., thus the findings
cannot be directly extrapolated to higher hydrogen concentrations or to pure hydrogen oper-
ation. In addition, the results are specific to the investigated boiler and burner configuration,
and variations may occur in systems with different designs or control strategies. Neverthe-
less, the study provides solid empirical evidence supporting hydrogen co-combustion as a
technically viable and environmentally effective transition solution for DH decarbonization.
By demonstrating stable operation, regulatory compliance, and proportional emission
reductions under real-world conditions, the findings contribute to the growing evidence
base needed to scale hydrogen integration within the gas sector. The case study thus
offers policymakers, system operators, and energy planners’ valuable insights into practical
pathways toward climate-neutral thermal energy systems.

2.1. Methodological Setup

The study was conducted at DH boiler house A, using an operational methane-based
gas–fired hot water boiler with a nominal thermal capacity of 6.3 MW. The power plant is
in Riga, on the right bank of the Daugava River’s heat supply zone. The plant represents a
typical medium-scale DH installation widely deployed across the EU urban areas, thereby
ensuring industrial relevance and transferability of the results. The boiler is equipped with
a low-NOx gas burner, forced-draft combustion air supply, and automated control system.
The main technical parameters of the experimental setup are shown in Table 1. At the same
time, Figure 1 shows the actual gas boiler with a hydrogen supply line attached.

The study was designed as a controlled experimental investigation to assess the impact
of hydrogen blending on combustion performance, emissions, and operational stability
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in DH boilers under real operating conditions. Hydrogen volumetric fraction in the fuel
mixture was defined as the independent variable, with three discrete levels: 0%, 10%,
and 20%.

Table 1. Main technical parameters of the experimental setup.

Parameter Description

Facility Boiler house A

Boiler thermal capacity 6.3 MW

Primary fuel Natural gas, biomethane

Secondary fuel Hydrogen

Hydrogen blending ratio Up to 20% (volumetric)

Combustion air supply Forced draft with excess air control

Burner type Low-NOx gas burner

Operating conditions Normal pressure and temperature

 

Figure 1. The gas boiler with a hydrogen supply line attachment.

The upper blending limit of 20 vol.% hydrogen was selected because this range is
widely considered a practically achievable near-term hydrogen admixture level for existing
natural gas infrastructure and end-use combustion equipment without major modifications.
Furthermore, blending levels up to 20 vol.% are frequently investigated in the literature
and demonstration projects as a transitional decarbonization strategy, thereby facilitating
comparison of the present results with previous studies.

Hydrogen fractions are reported on a volumetric basis. Because hydrogen has a lower
volumetric heating value than methane, the relationship between hydrogen volume fraction
and CO2 emissions is inherently non-linear on an energy basis. Therefore, emissions in this
study are reported per unit of useful thermal energy output (kg/MWh and mg/kWh), while
boiler thermal output was maintained at approximately 6.3 MW under all test conditions.
This normalization allows direct comparison of carbon intensity between fuel blends under
equivalent heat delivery conditions.

The dependent variables included gaseous emissions (CO2, NOx, CO), boiler ther-
mal efficiency, thermal output, ignition delay, stack gas temperature, and flame stability
characteristics. All other operating parameters were maintained constantly as practically
achievable, enabling direct attribution of observed changes to hydrogen concentration.

The upper blending limit was defined based on material compatibility, combustion
stability, and safety considerations. Fuel composition was continuously monitored during
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all test conditions to maintain blending accuracy within ±1%. To provide an integrated
overview of the experimental methodology, Figure 2 depicts the overall research design
and workflow applied in this study. It illustrates the fuel blending strategy, the range of
hydrogen volumetric fractions, the operational test conditions, and the key performance
and emission parameters monitored during the operational tests. This schematic represen-
tation highlights the logical sequence of the experimental steps and clarifies the relationship
between fuel composition, combustion control, and the evaluated technical, environmental,
and safety outcomes.

Figure 2. Research design for methane-based gas and hydrogen co-combustion.

In Figure 2, the arrows represent different physical and logical processes within the ex-
perimental setup. The solid green arrows indicate the flow direction of the methane-based
gas and the blended fuel mixture toward the boiler, whereas the solid blue arrow denotes
the hydrogen supply line entering the mixer. The curved blue arrows within the dashed
mixer box illustrate the turbulent circulation and homogenization of methane-based gas
and hydrogen, resulting in a uniform fuel mixture prior to combustion. The upward gray
arrow in the stack represents the movement of flue gases from the boiler to the chimney.
The purple dashed arrow extending from the sampling location to the Testo 350 flue-gas
analyzer denotes the extraction of flue-gas samples for emission measurements rather than
the actual flue-gas flow path. The blue dashed arrows beneath the analyzer represent the
transfer of measurement data to the data acquisition stage, while the blue downward arrow
from the boiler to the lower section of the figure indicates the progression of the experimen-
tal workflow from boiler operation to the evaluation of testing conditions, performance,
emissions, safety monitoring, and statistical analysis. Thus, the arrows distinguish between
physical fuel and flue-gas flows, sampling paths, data-transfer processes, and the logical
sequence of the experimental methodology.

Initially, the boiler was operated using methane-based gas (0% H2) until nominal
operating conditions (6.3 MW thermal output) were achieved, establishing the baseline for
subsequent hydrogen blending tests. Step by step experimental protocol and timing for
hydrogen blending tests are summarized in Table 2.

The system was then allowed to stabilize for at least 15 min to ensure steady-state
conditions. Their operation was defined by stack gas temperature variation within ±2 ◦C,
O2 concentration variation within ±0.1% maintained over a continuous 10 min interval.
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Following stabilization, measurement data were recorded continuously over a minimum
testing period of 30 min for each fuel composition.

Table 2. Experimental protocol and timing for hydrogen blending tests.

Step H2 Fraction (%) Description Stabilization
Criteria

Stabilization
Time (min)

Measurement
Time (min) Notes

1 0% (baseline)

Boiler operated
under nominal
conditions until
steady state reached

Stack gas
temperature
±2 ◦C; O2
±0.1% over
10 min

≥15 ≥30 Baseline
methane-based gas

2 10% H2

Hydrogen
introduced to
reach target
volumetric fraction

Same as above ≥15 ≥30
Steady-state
maintained before
recording

3 20% H2
Hydrogen fraction
increased to 20% Same as above ≥15 ≥30 Same protocol

repeated

4 Repeat tests
Selected conditions
repeated to ensure
reproducibility

Same as above Included Included
Total duration
per condition:
~90–120 min

5 Continuous
operation

All tests conducted
under normal
boiler operation

Load and control
system active - -

Real operating
conditions
maintained

Hydrogen was subsequently introduced to achieve a 10% volumetric fraction. After
reaching the target composition, the system was allowed to stabilize again for 15 min,
followed by a 30 min data acquisition period under steady-state conditions.

The same procedure was repeated for the 20% hydrogen blending condition. To
ensure repeatability and statistical robustness, each hydrogen blending condition (0%, 10%,
and 20% H2 by volume) was evaluated in three independent experimental runs (n = 3).
Each independent run consisted of a separate stabilization period followed by a 30 min
steady-state measurement interval. Measurements acquired at 1 s intervals during a given
run were averaged to obtain a single representative value for that experiment and were not
treated as independent replicates in the statistical analysis. All experiments were conducted
under continuous boiler operation, including standard load control behavior.

Combustion air was supplied using a forced-draft system with automated excess
air regulation. The air-to-fuel ratio was dynamically adjusted based on real-time O2

concentration measurements in the flue gas to ensure stable combustion across varying
fuel compositions. Low-NOx burner settings were maintained throughout the operational
tests. Start-up, shutdown, and load modulation procedures followed standard operational
protocols used during conventional gas operations.

Thermal performance was evaluated by measuring boiler thermal output, efficiency,
and heat recovery characteristics for each fuel-blending condition. Thermal output was
calculated from measured fuel input and the heat delivered to the DH network. Boiler
efficiency was determined using the indirect method, incorporating measurements of
flue gas temperature and composition. Stack gas temperature and return water tem-
perature were continuously recorded to assess potential impacts on condensing heat
recovery performance.

Data dispersion within each experimental condition was quantified using the stan-
dard deviation (SD), providing a measure of variability and measurement uncertainty.
For each operating condition, the reported mean values, standard deviations, and 95%
confidence intervals were calculated from the independent experimental runs (n = 3). The
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standard deviation therefore reflects run-to-run variability rather than the variability of
individual high-frequency measurements recorded within a single experimental period.
All reported experimental values are presented as mean ± SD calculated from three inde-
pendent experimental runs (n = 3). Error bars shown in the figures represent the SD of the
independent experiments.

The SD was calculated as:

SD =

√
1

n − 1

n

∑
i=1

(xi − x)2 (1)

where:
xi—individual measurements, x—mean value, n—the number of observations within

a given steady-state dataset.
The calculated mean values and associated standard deviations were subsequently

used as input for statistical hypothesis testing. To evaluate the effect of hydrogen blending
on performance and emission parameters, a one-way analysis of variance (ANOVA) was ap-
plied at a 95% confidence level (p < 0.05). The ANOVA test compares the variance between
group means (different hydrogen fractions) with the variance within groups (measurement
variability) to determine whether observed differences are statistically significant.

Operational safety was ensured through enhanced monitoring and procedural con-
trols tailored to hydrogen-enriched methane-based gas operations. Hydrogen-sensitive gas
detectors were installed in critical areas of the boiler room, and ventilation performance was
verified before hydrogen introduction. Emergency shutdown systems and alarm functions
were tested under simulated fault scenarios. Personnel involved in the experimental opera-
tion received targeted training on hydrogen-specific safety procedures. The implemented
safety systems, monitoring locations, and response thresholds are shown in Table 3.

Table 3. Safety systems and monitoring measures for hydrogen-enriched boiler operation.

Safety Category Implemented Measure Monitoring/Location Response Threshold/Action

Gas leak detection Hydrogen-sensitive gas
detectors installed

Critical areas of the
boiler room

Alarm activation and operator
notification upon H2 detection

above the set limit

Ventilation safety
Ventilation performance

verified before
H2 introduction

Boiler room ventilation
system

Hydrogen operation is permitted
only after ventilation meets the

required performance.

Emergency protection Emergency shutdown system
enabled and verified

Boiler control and
shutdown circuit

Automatic shutdown under fault
condition or emergency trigger

Alarm reliability Alarm functions tested using
simulated fault scenarios Control room/alarm panel

Alarm confirmation and
corrective action were initiated

immediately

Personnel readiness
Targeted training on

hydrogen-specific
safety procedures

Operating staff involved
in experiments

Only trained personnel
authorized for hydrogen-enriched

operation

Data acquisition was performed continuously at a sampling interval of 1 s using
the boiler supervisory control and data acquisition system. Only steady-state data were
retained for analysis, and all reported values represent 30 min averages after exclusion
of transient periods. Transient periods, including fuel switching and stabilization phases,
were excluded. For each test condition, measured parameters were averaged over the
30 min steady-state measurement interval to obtain representative values. Outliers were

https://doi.org/10.3390/su18147217

https://doi.org/10.3390/su18147217


Sustainability 2026, 18, 7217 10 of 27

removed based on deviation from defined steady-state criteria. Repeat measurements were
used to verify consistency and reproducibility.

The baseline fuel used in the experiments was a gas mixture supplied from the Latvian
gas distribution network. Its composition reflects the actual gas delivered through the
grid during the experimental period. Biomethane injection into the natural gas grid in
Latvia reached approximately 100 gigawatt-hours in 2025, corresponding to approximately
3.5% of total gas consumption. Therefore, the baseline fuel in this study can be described
as a natural gas–biomethane mixture representative of real grid conditions, where the
biomethane fraction is low and does not introduce significant variability in key combustion
properties. It should be noted that, under Latvian gas quality regulations for biomethane
injection into the gas distribution network, biomethane must comply with strict specifica-
tions regarding calorific value, Wobbe index, methane content, and impurity limits [60].
Biomethane injection into the natural gas grid in Latvia aligns with the requirements of EN
16723, which ensures that its physicochemical and combustion properties are equivalent to
those of natural gas, thereby enabling full interchangeability [61].

The experiments were performed using methane-based gas supplied from the Latvian
transmission network. Since continuous gas chromatographic measurements were not
available during the experimental campaign, the baseline gas composition was assumed
to comply with the gas quality specifications applicable to the Latvian gas system and
representative values reported by the network operator. The corresponding ranges of CH4,
higher hydrocarbons, CO2, and N2 concentrations together with the associated LHV, HHV,
and Wobbe Index values are summarized in Table 4.

Table 4. Representative composition and properties of the methane-based gas supplied from the
Latvian transmission network (reference fuel during the experiment) *.

Parameter Representative Value/Range

Methane, CH4 (vol.%) 95.0–98.0

Ethane, C2H6 (vol.%) 0.5–2.0

Propane and higher hydrocarbons, C3
+ (vol.%) <0.5

Carbon dioxide, CO2 (vol.%) <2.5

Nitrogen, N2 (vol.%) <3.0

Hydrogen, H2 (vol.%) 0

Lower Heating Value (LHV) (MJ/Nm3) 34.0–36.0

Higher Heating Value (HHV) (MJ/Nm3) 37.5–40.0

Wobbe Index (MJ/Nm3) 48.0–52.0
* Values represent the gas quality specifications and representative operating ranges of the Latvian natural
gas transmission system and were used as reference fuel properties because continuous gas chromatographic
measurements were not available during the experiment.

Continuous gas chromatographic measurements were not available during the experi-
mental campaign. Therefore, baseline natural gas properties were derived from certified
gas-quality specifications and representative operating data provided by the Latvian gas
transmission system operator. While minor variations in gas composition may introduce
uncertainty into calculated heating values and emission factors, all test conditions were eval-
uated under the same gas supply conditions, limiting their influence on the comparative
assessment of hydrogen blending scenarios.

The experimental methodology isolates the effect of hydrogen blending by varying
only the hydrogen fraction while maintaining all other operational parameters constant. In
this regard, observed variations in emissions, combustion behavior, and thermal perfor-
mance can be directly attributed to changes in fuel composition.
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2.2. Fuel Blending, Instrumentation, and Data Acquisition

Hydrogen was introduced into the fuel supply line through a dedicated injection
manifold installed upstream of the burner train. Blending was performed on a volumetric
basis by controlled co-injection of hydrogen into the methane-based gas stream. The
hydrogen flow rate was regulated using a calibrated thermal mass flow controller, while
the methane-based gas flow was measured using the boiler’s custody-transfer gas meter.
The target hydrogen fractions of 10% and 20% by volume were maintained within ±1%
during the experiments.

The composition of the fuel mixture was verified through continuously monitored
methane and hydrogen flow rates, from which the target volumetric blending ratios were
calculated and maintained throughout the experiments.

Hydrogen blending ratios were defined on a volumetric basis (0%, 10%, and 20% H2

by volume). However, carbon dioxide emissions were normalized to the useful thermal
energy delivered by the boiler and are therefore reported in units of kg CO2/MWh. Because
hydrogen has a substantially lower volumetric heating value than methane, the relationship
between hydrogen volume fraction and CO2 reduction is not inherently linear. To enable
comparison between different fuel blends under constant-load conditions, carbon dioxide
emissions were normalized to the useful thermal energy delivered by the boiler. The
specific CO2 emission intensity was calculated as follows:

CICO2 =

.
mCO2
.

Quse f ul

where:

CICO2 = carbon intensity (kg CO2/MWh),
.

mCO2 = CO2 mass emission rate (kg/h),
.

Quse f ul = useful boiler heat output (MWh/h).

Specific CO2 emissions were calculated from the carbon content and lower heating
value (LHV) of the fuel mixture and expressed per unit of useful thermal energy out-
put (kg CO2/MWh). Emission factors for natural gas and hydrogen were derived from
standard fuel-property data and the corresponding fuel-mixture composition.

Methane and hydrogen volumetric flow rates were continuously monitored and
converted to fuel energy input using LHV. The reported CO2 reductions therefore represent
the carbon intensity of useful heat generation under constant-load operation and should
not be interpreted as directly proportional to the volumetric hydrogen fraction.

The low-NOx burner operated under its standard industrial control settings through-
out the experiments. Boiler load was maintained at the nominal thermal output of 6.3 MW
using the existing automatic load control system. Combustion air was supplied by a forced-
draft fan and regulated through closed-loop excess-air control based on continuous flue
gas oxygen measurements. The excess oxygen concentration was maintained within ±0.1%
during steady-state operation.

A Testo 350 portable flue-gas analyzer was connected to the stack sampling port and
used for continuous emission measurements during each 30 min steady-state experimen-
tal period. CO2, NOx, and CO concentrations were recorded throughout each 30 min
steady-state measurement period. The analyzer was calibrated in accordance with the
manufacturer’s recommendations before the experimental campaign, and measurements
were acquired at 1 s intervals and subsequently averaged for each independent experiment.
The measurement accuracy and associated uncertainties of the monitoring equipment are
summarized in Table 5.

https://doi.org/10.3390/su18147217

https://doi.org/10.3390/su18147217


Sustainability 2026, 18, 7217 12 of 27

Table 5. Specifications and measurement uncertainties of the gas analysis instrumentation.

Parameter Measurement Range Accuracy

Oxygen (O2) 0–25 vol.% ±0.2 vol.%

Carbon dioxide (CO2) * 0–50 vol.% ±0.3 vol.%

Carbon monoxide (CO) 0–10,000 ppm ±5 ppm or ±5% of reading

Nitric oxide (NO) 0–3000 ppm ±5 ppm or ±5% of reading

Nitrogen dioxide (NO2) 0–500 ppm ±5 ppm or ±5% of reading

Nitrogen oxides (NOx) ** Calculated from NO and
NO2 measurements

Derived from NO and
NO2 uncertainties

Flue-gas temperature 0–1000 ◦C ±0.5% of measured value
* CO2 concentration was calculated by the analyzer based on measured O2 concentration and fuel parameters.
** NOx values were determined as the sum of measured NO and NO2 concentrations.

The analyzer was calibrated before each experimental campaign using certified refer-
ence gases and zero-gas procedures in accordance with the manufacturers’ recommenda-
tions. Span verification was repeated following completion of the measurements to confirm
instrument stability and absence of significant drift.

Hydrogen fractions of 0%, 10%, and 20% were defined on a volumetric basis. Carbon
dioxide emissions were not normalized to fuel volume but to useful thermal energy de-
livered by the boiler and are therefore reported in units of kg CO2/MWh. Boiler thermal
output was maintained at approximately 6.3 MW during all steady-state experiments.

The methane-based gas and hydrogen volumetric flow rates were continuously moni-
tored and used to determine the LHV-based fuel energy input. The lower heating values
adopted in the calculations were 35.8 MJ/Nm3 for methane and 10.8 MJ/Nm3 for hydrogen.
The CO2 emission factor of hydrogen was assumed to be zero, whereas methane-based gas
combustion was considered the sole source of direct CO2 emissions.

The investigated boiler is classified as a medium combustion plant (MCP) with a rated
thermal input of 6.3 MW and is therefore subject to the requirements of Directive (EU)
2015/2193 and the corresponding Latvian regulations governing emissions from medium
combustion plants. Under this regulatory framework, emission limit values for natural
gas-fired MCPs are expressed in mg/Nm3 on a dry basis and normalized to a reference
oxygen concentration of 3 vol.% O2. For compliance verification, the measured NOx

concentrations were additionally evaluated against these regulatory reference conditions,
although the results are reported in energy-specific units (mg/kWh) to facilitate comparison
of environmental performance. In the present study, measured emissions were primarily
reported in energy-specific units (mg/kWh) to facilitate direct comparison of environmental
performance per unit of useful heat delivered. No direct conversion of the measured values
from mg/kWh to mg/Nm3 was performed, as the objective of the study was to evaluate
energy-specific emissions associated with useful heat production.

Process variables, including fuel flow rates, hydrogen fraction, flue gas composi-
tion, temperatures, and boiler operating parameters, were recorded automatically by the
boiler supervisory control and data acquisition system. Measurements were acquired at
1 s intervals and averaged over the 30 min steady-state recording period used for subse-
quent analysis. Transient periods associated with fuel switching and system stabilization
were excluded.

Measurement uncertainty was evaluated from instrument specifications and repeata-
bility tests. Expanded measurement uncertainties (k = 2, corresponding to an approximate
95% confidence level) were estimated by combining instrument accuracies provided by the
manufacturers with the standard deviations obtained from repeated experimental runs.
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For calculated quantities, including specific CO2 emissions (kg CO2/MWh), uncertainties
were determined by propagation of the uncertainties associated with gas flow measure-
ments, emission measurements, and boiler thermal output. The resulting uncertainties
remained small relative to the observed differences between hydrogen blending scenarios
and therefore do not affect the principal conclusions of the study.

All reported gaseous emission concentrations were determined on a dry flue-gas basis
and were subsequently converted to the units reported in the manuscript (mg/kWh and
kg/MWh) using measured oxygen concentrations and standard reference conditions.

3. Results
The operational tests demonstrated stable, repeatable, and controllable co-combustion

behaviour of natural gas, biomethane and hydrogen across all tested operating regimes
at boiler house A. Fuel blending accuracy remained within ±1% of the target hydrogen
volumetric fraction throughout the test period, indicating reliable control of the gas mixing
process. The combustion properties and emission characteristics are summarised in Table 6.

Table 6. Combustion properties and emission characteristics (100% CH4; 90% CH4, 10% H2; 80%—CH4,
20%—H2).

Indicator 100% CH4 (0% H2) 90% CH4, 10% H2 80% CH4, 20% H2

Adiabatic flame
temperature (◦C) 1950 2000 2100

Flame speed (m/s) 0.38 0.45 0.52

CO2 emissions (kg/MWh) 202 181 161

NOx emissions (mg/kWh) 40 45 52

CO emissions (mg/kWh) 7 6 6

Particulate matter (mg/m3) <1 <1 <1

The data presented in Table 6 demonstrates a clear and systematic shift in combus-
tion characteristics as hydrogen is introduced into the methane-based fuel mixture. The
increase in adiabatic flame temperature from 1950 ◦C to 2100 ◦C, accompanied by a rise
in flame speed from 0.38 m/s to 0.52 m/s, indicates enhanced combustion intensity and
reactivity with higher hydrogen fractions. These trends are consistent with the intrinsic
physicochemical properties of hydrogen, particularly its higher laminar flame speed and
lower ignition energy. From a combustion dynamics perspective, the faster reaction kinetics
promote more rapid heat release and improved flame stabilization, which aligns with the
observed absence of instability phenomena such as blow-off or flashback. However, the
elevated flame temperature also suggests a higher thermal load within the combustion
zone, which has direct implications for emission formation mechanisms, particularly for
temperature-dependent species such as NOx.

Environmentally, the results highlight a distinct trade-off between carbon reduction
and NOx formation. CO2 emissions decrease nearly linearly with increasing hydrogen
content, achieving a reduction of approximately 20% at 20% hydrogen blending, which
directly reflects the lower carbon intensity of the fuel mixture. At the same time, NOx

emissions increase from 40 mg/kWh to 52 mg/kWh, indicating intensified thermal NOx

formation driven by higher flame temperatures and increased radical concentrations. In
contrast, CO emissions remain low and stable, while particulate matter remains negligible
across all conditions, confirming that combustion completeness is maintained despite
changes in fuel composition.

https://doi.org/10.3390/su18147217

https://doi.org/10.3390/su18147217


Sustainability 2026, 18, 7217 14 of 27

3.1. The Operational Test Results

The introduction of hydrogen led to a measurable increase in combustion reactivity,
thereby improving ignition stability, particularly at lower load conditions. This effect
is quantified in Figure 3, which shows a systematic reduction in ignition delay with in-
creasing hydrogen volumetric fraction, indicating enhanced fuel reactivity and improved
ignition performance.

Figure 3. Effect of hydrogen blending on ignition delay (ms, %). Data points represent mean values
from three independent experimental runs (n = 3). Error bars indicate ±1 standard deviation.

Figure 3 shows that the ignition delay decreases markedly with increasing hydro-
gen fraction, confirming the enhanced reactivity of the fuel mixture. The ignition delay
is reduced from 120 ms at 0% H2 to 105 ms at 10% H2 and further to 95 ms at 20% H2,
corresponding to an overall reduction of about 10–11% across the investigated range. This
reduction reflects the lower ignition energy and higher diffusivity of hydrogen, which
facilitate faster initiation of combustion reactions. The observed trend indicates that hydro-
gen addition accelerates the pre-flame chemical processes, particularly through increased
availability of reactive radicals such as H, O, and OH, which promote chain-branching
reactions and shorten ignition times [62]. As a result, the combustion process becomes
more stable, especially under conditions where ignition would otherwise be delayed, such
as at reduced loads or during transient operation.

From an operational viewpoint, the decrease in ignition delay contributes to improved
flame anchoring and reduced risk of flame instability or blow-off. The relatively linear
reduction observed in Figure 3 also suggests a predictable and controllable relationship
between hydrogen fraction and ignition behavior, which is advantageous for combustion
system optimization.

The data presented in Table 7 indicate that combustion stability is largely maintained
across the investigated hydrogen blending range, with stable operation observed up to at
least 20% hydrogen by volume.

Key stability indicators show only minor deviations, with fluctuations in flame
behavior remaining within a narrow margin (typically below 3–5% variation compared
to the baseline case of 100% methane). No instances of flame instability or blow-off
were recorded, suggesting that the boiler system accommodated moderate hydrogen
admixtures without compromising operational safety. Under the investigated operating
conditions, no measurable decrease in boiler efficiency was observed with increasing
hydrogen fraction.
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Table 7. Combustion stability and thermal performance of the boiler under different hydrogen
blending ratios **.

Parameter Unit 0% H2 10% H2 20% H2

Thermal output MW 6.3 6.3 6.3

Boiler efficiency % 92.1 92.0 91.9

Ignition delay * ms 120 105 95

Flame stability - Stable Stable Stable

Flashback/blow-off - - - -

Stack gas
temperature

◦C 145 148 152

*—Ignition delay values represent experimentally measured mean values obtained from three independent
experimental runs (n = 3). **—Values represent mean ± SD from three independent experimental runs (n = 3).

Additionally, combustion characteristics such as flame speed and heat release rate
exhibit measurable changes, with hydrogen-enriched mixtures showing faster combustion
kinetics. This can enhance mixing and combustion completeness but may also require
minor adjustments in burner control settings to maintain optimal air–fuel ratios. Despite
these changes, the overall thermal output of the system remains relatively stable, with
deviations generally within ±2% across the tested scenarios.

Also, thermal output and boiler efficiency remain constant across all tested fuel com-
positions, indicating that hydrogen substitution does not introduce efficiency penalties
under short-term nominal operating conditions. A systematic reduction in ignition delay
is observed with increasing hydrogen content, reflecting enhanced fuel reactivity and
improved ignition characteristics.

As shown in Figure 4, hydrogen enrichment leads to a systematic modification of
key combustion characteristics. The adiabatic flame temperature increases from 1950 ◦C at
0% H2 to 2020 ◦C at 10% H2 and 2100 ◦C at 20% H2, corresponding to an overall increase
of approximately 5.1%.

Figure 4. The adiabatic flame temperature as a function of hydrogen content increase (◦C, %). The
smooth curve is included solely as a visual guide to illustrate the observed trend and does not
represent a statistical regression or predictive model.

This trend is accompanied by a rise in laminar flame speed from 0.38 m/s to 0.45 m/s
and 0.52 m/s, representing an increase of nearly 37%, which reflects the enhanced reactivity
and faster combustion kinetics associated with hydrogen addition.
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Because only three hydrogen blending ratios (0%, 10%, and 20%) were experimentally
investigated, the curve shown in Figure 4 is intended only to facilitate visualization of the
observed trend and should not be interpreted as a fitted mathematical relationship.

In terms of emissions, when expressed per unit of useful thermal energy delivered
by the boiler, CO2 intensity decreased from 202 kg/MWh for pure methane operation to
181 kg/MWh at 10 vol.% H2 and to 161 kg/MWh at 20 vol.% H2. The observed reduction
reflects the lower carbon intensity of the blended fuel under constant-load operation and
should not be interpreted as implying a universally proportional relationship between
volumetric hydrogen substitution and energy-normalized CO2 emissions. Conversely, NOx

emissions increase from 40 mg/kWh at 0% H2 to 45 mg/kWh at 10% H2 and 52 mg/kWh
at 20% H2, corresponding to a relative increase of approximately 30%, primarily due to
elevated flame temperatures and intensified thermal NOx formation pathways.

CO emissions remain low and stable, decreasing slightly from 7 mg/kWh to
6 mg/kWh at higher hydrogen fractions, indicating consistently complete combustion. Par-
ticulate matter emissions remain below the detection limit (<1 mg/m3) across all conditions,
confirming the absence of solid-phase formation mechanisms in the gaseous fuel system.

From a GHG emissions perspective again, and as shown in Table 8, CO2 emissions
decreased linearly with increasing hydrogen fraction, while CO emissions remained low
and stable across all test conditions, with measured values of 7 mg/kWh at 0% H2 and
6 mg/kWh at both 10% and 20% H2, indicating complete combustion with no measurable
formation of incomplete oxidation products. Particulate matter (PM) emissions were below
the detection limit of the measurement system (<1 mg/m3) throughout all operational tests,
which is consistent with the absence of solid-phase precursors in the gaseous fuel mixture.

Table 8. Measured emission performance as a function of hydrogen blending ratio *.

Emission Unit 100%-CH4, 0%-H2 90%-CH4, 10%-H2 80%-CH4, 20%-H2

CO2 kg/MWh 202 181 161

NOx mg/kWh 40 45 52

CO mg/kWh 7 6 6

PM mg/m3 <1 <1 <1
*—Values represent mean ± SD from three independent experimental runs (n = 3). PM concentrations remained
below the detection limit; therefore, SD values are not reported.

In contrast, NOx emissions increased from 40 mg/kWh at 0% H2 to 45 mg/kWh at
10% H2 and 52 mg/kWh at 20% H2, corresponding to an overall increase of approximately
30% across the investigated hydrogen blending range. This increase is attributed to elevated
flame temperatures and enhanced thermal NOx formation mechanisms associated with
hydrogen-enriched combustion.

CO2 emissions decreased systematically with increasing hydrogen substitution,
from 202 kg/MWh at 0% H2 to 181 kg/MWh at 10% H2 and 161 kg/MWh at 20% H2,
corresponding to an overall reduction of approximately 20% across the investigated
hydrogen blending range. Although the decrease in CO2 emissions closely followed
the increase in hydrogen fraction under the investigated operating conditions, this
relationship should not be interpreted as universally linear because it is influenced by
the lower volumetric energy density of hydrogen and by the normalization of emissions
to delivered thermal energy.

This trend closely follows theoretical expectations based on the reduced carbon con-
tent of the fuel mixture, confirming that the observed emission reductions are primarily
governed by fuel composition rather than operational variability. The nearly linear de-
crease in CO2 emissions indicates stable combustion conditions and consistent fuel–air
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mixing across all test cases, with no evidence of incomplete combustion or efficiency losses.
These results demonstrate that hydrogen blending provides a direct and effective pathway
for reducing carbon intensity in thermal energy production without adversely affecting
combustion performance.

These results demonstrate that the environmental benefits of hydrogen blending can
be achieved without compromising emission compliance when appropriate combustion
control strategies are applied.

In terms of emissions, the combined effect of increased excess air and implicit air stag-
ing plays a key role in controlling NOx formation. While hydrogen addition promotes NOx

formation through higher flame temperatures and radical concentrations, the applied con-
trol strategy effectively limits peak temperatures and stabilizes combustion. Consequently,
NOx emissions remained within applicable regulatory limits across all tested conditions.

The combined emission trends for CO2 and NOx as a function of hydrogen blending
ratio are shown in Figure 5, highlighting the trade-off between GHG emission reduction
and NOx formation.

Figure 5. Effect of hydrogen blending on CO2 and NOx emissions. Data points represent mean values
from three independent experimental runs (n = 3). Error bars indicate ±1 standard deviation.

The observed trade-off between reduced CO2 emissions and increased NOx formation
represents a key challenge in the implementation of hydrogen-enriched combustion sys-
tems. While the reduction in CO2 emissions is directly linked to the lower carbon content
of the fuel mixture, the increase in NOx emissions can be attributed primarily to elevated
flame temperatures and enhanced reaction kinetics associated with hydrogen addition. The
higher adiabatic flame temperature promotes thermal NOx formation via the Zeldovich
mechanism [63], leading to the increasing trend observed in Figure 5.

This trade-off has important implications for the operation and retrofitting of existing
DH boilers. Although hydrogen blending contributes to decarbonization goals, the corre-
sponding rise in NOx emissions may necessitate the implementation of additional emission
control strategies to ensure compliance with environmental regulations. These may include
optimization of excess air ratios, staged combustion techniques, flue gas recirculation, or the
integration of post-combustion treatment systems such as selective non-catalytic reduction
or selective catalytic reduction. Furthermore, the balance between CO2 reduction and NOx

increase must be evaluated in the context of system-level optimization, where operational
parameters are adjusted to minimize total environmental impact rather than a single emis-
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sion component. This highlights the importance of integrated approaches combining fuel
composition control, combustion tuning, and emission mitigation technologies.

The measured NOx emissions remained within applicable regulatory limits throughout
all experimental conditions. In the context of the study, these limits are defined by the
EU Industrial Emissions Directive [64] and corresponding national Latvian regulations for
medium-scale combustion plants, which typically specify NOx emission thresholds in the
range of 100–200 mg/Nm3, depending on plant classification and operating regime.

At the highest investigated hydrogen blending ratio (20% H2), NOx emissions ap-
proached the upper range of baseline values but remained safely below the applicable
emission limits, indicating that hydrogen enrichment at this level does not compromise
regulatory compliance under the tested conditions. Nevertheless, the observed increasing
trend highlights the importance of active combustion control to prevent exceedance at
higher hydrogen fractions or under transient operation. To maintain compliance, the boiler
control system continuously adjusted key operational parameters, particularly the air-to-
fuel ratio and excess air coefficient, based on real-time feedback from oxygen sensors and
flue gas measurements. This dynamic control strategy enabled stabilization of combustion
temperature and oxygen availability, thereby limiting thermal NOx formation. In addition,
implicit air staging effects, resulting from burner design and flow distribution, contributed
to moderating peak flame temperatures. The combination of these control mechanisms
ensured that NOx emissions remained within regulatory thresholds while preserving stable
and efficient boiler operation.

Slight, non-critical variations in the Wobbe index associated with hydrogen addition,
shown in Table 9, were also observed.

Table 9. Wobbe Index (LHV) for CH4–H2 blends.

Fuel Mixture (vol%) Wobbe Index (MJ/Nm3)

100-CH4 50.0

95-CH4, 5-H2 49.6

90-CH4, 10-H2 49.2

80-CH4, 20-H2 48.4

This trend indicates the significantly lower volumetric energy density of hydrogen
compared to methane, despite hydrogen’s high gravimetric energy content. As the hy-
drogen fraction rises from 0% to 20%, the reduction in Wobbe Index suggests that, under
constant pressure conditions, a larger volumetric flow rate of fuel would be required to
deliver the same thermal input. This has direct implications for the compatibility of exist-
ing gas infrastructure and end-use appliances, particularly those calibrated for a narrow
Wobbe Index range. Although the observed decrease remains within tolerable limits for
many conventional gas systems, indicating that moderate hydrogen blending can be ac-
commodated without substantial hardware modifications. However, the gradual shift
in gas quality parameters may influence burner performance, air–fuel mixing behavior,
and combustion efficiency. Therefore, while the results support the technical feasibility of
methane-based gas and hydrogen blending from a calorific standpoint, they also highlight
the importance of regulatory standards and adaptive control strategies to ensure safe and
efficient operation across varying blend compositions.

During the operational tests, hydrogen-sensitive monitoring systems detected no
leakage, and ventilation systems-maintained hydrogen concentrations well below safety
thresholds. Emergency shutdown systems responded correctly during simulated fault
conditions, and control system alarms functioned as designed. Operator workload did not
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increase during blended-fuel operation, and routine maintenance requirements remained
unchanged compared with baseline methane-based gas operation.

Post-test material inspections revealed no visible degradation of pipelines, valves,
seals, or heat exchanger components. No evidence of hydrogen-induced embrittlement
or abnormal corrosion was observed after the gas mixture exposure period. However,
it should be noted that the tests were conducted over relatively short-term operating
intervals, which are not sufficient to capture long-term material degradation mechanisms.
Phenomena such as hydrogen embrittlement, microstructural changes, and cumulative
corrosion effects typically develop over extended exposure durations and under cyclic
loading conditions. While the results indicate that no immediate or short-term material
compatibility issues arise under the tested hydrogen blending conditions, these findings
cannot be directly extrapolated to long-term operation.

Instrumentation performance was uninterrupted despite increased moisture content
in the flue gas, and data-acquisition systems provided high-resolution diagnostics of com-
bustion behaviour and emissions. Repeatability tests conducted under identical operating
conditions confirmed the consistency and robustness of the experimental results, with
system availability maintained at 100% throughout the operational tests.

The results generally confirmed that hydrogen co-combustion up to a 20% volumetric
share is technically feasible, operationally stable, and environmentally effective for medium-
scale DH applications. The system demonstrated sufficient adaptability to accommodate
changes in fuel composition without compromising safety, performance, or regulatory
compliance. The experimental outcomes align closely with findings reported in comparable
pilot projects and provide strong evidence supporting hydrogen blending as a near-term
decarbonization pathway. Boiler house A case study, therefore, serves as a highly replicable
reference for similar DH installations across the EU and provides a solid empirical basis for
future scale-up, long-term operation, and policy-supported deployment.

Boiler thermal efficiency remained statistically unchanged across all investigated
hydrogen blending ratios (0%, 10%, and 20% H2), with observed variations remaining
within the bounds of measurement uncertainty (±0.5%). Statistical analysis confirmed that
the differences between the mean efficiency values at different hydrogen fractions were
not statistically significant (p > 0.05), indicating that hydrogen addition had no measurable
effect on the overall energy conversion efficiency under steady-state operating conditions.

Thermodynamically, the stability of thermal efficiency can be explained by the balance
between two opposing effects. On the one hand, hydrogen has a lower volumetric calorific
value compared to methane, which could potentially reduce the energy density of the fuel
mixture. On the other hand, hydrogen exhibits higher reactivity and flame speed, promot-
ing more complete combustion and efficient heat release. The experimental results indicate
that these effects compensate each other, resulting in no measurable efficiency penalty.

The results also demonstrate that condensing heat recovery performance was not
negatively affected by increased water vapor content. On the contrary, the elevated water
vapor fraction may enhance the potential for latent heat recovery, if flue gas temperatures
remain below the dew point. Although the increased water vapor content may influence
condensation behavior and latent heat recovery, the present experimental results showed no
measurable change in overall boiler efficiency under the investigated operating conditions.
Relationship between hydrogen fraction and boiler performance parameters is visualized
in Figure 6.

The figure presents the variation of boiler thermal efficiency and flue gas water vapor
content as a function of hydrogen volumetric fraction in the fuel mixture (0–20%). The
results demonstrate that thermal efficiency remains effectively constant across the investi-
gated range, with only minor fluctuations that fall within the measurement uncertainty
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(±0.5%). This indicates that the substitution of methane with hydrogen does not lead to
any measurable deterioration in the overall energy conversion efficiency of the boiler under
steady-state operating conditions.

Figure 6. Relationship between hydrogen fraction and boiler performance parameters. Data points
represent mean values from three independent experimental runs (n = 3). Error bars indicate
±1 standard deviation.

In contrast, the water vapor content in the flue gas exhibits a clear increasing trend with
rising hydrogen fraction, reflecting the higher hydrogen-to-carbon ratio of the fuel mixture
and the corresponding increase in water formation during combustion. This behavior
is consistent with stoichiometric combustion principles, whereby hydrogen oxidation
produces a greater proportion of water vapor compared to methane-based fuels.

3.2. Statistical Evaluation of Experimental Results

The statistical analysis was performed using the mean values obtained from inde-
pendent experimental runs. For each hydrogen blending level (0%, 10%, and 20% H2),
three independent experiments were conducted (n = 3), yielding a total sample size of
nine observations for ANOVA. High-frequency measurements collected at 1 s intervals
during each 30 min steady-state period were used solely to calculate representative run
averages and associated variability and were not considered independent observations in
the ANOVA procedure.

Prior to ANOVA application, the underlying assumptions were evaluated. The normal-
ity of residuals was assessed using the Shapiro–Wilk test, while homogeneity of variances
was verified using Levene’s test. In all cases, no statistically significant violations were
detected (p > 0.05), confirming the suitability of parametric statistical analysis. The results
of the ANOVA are summarized in Table 10.

Table 10. ANOVA results in the effect of hydrogen blending ratio on key performance parameters.

Parameter F-Value p-Value η2 (Effect Size)

Thermal efficiency 0.84 0.46 0.07

CO2 emissions 152.3 <0.001 0.94

NOx emissions 48.7 <0.001 0.86

CO emissions 1.92 0.21 0.14

PM emissions — — —

https://doi.org/10.3390/su18147217

https://doi.org/10.3390/su18147217


Sustainability 2026, 18, 7217 21 of 27

The analysis indicates that hydrogen blending has no statistically significant effect
on thermal efficiency (F = 0.84, p = 0.46), which is consistent with the experimentally
observed variation of less than ±0.2 percentage points across all test conditions. The
corresponding effect size (η2 = 0.07) is small, further confirming that hydrogen addition
does not meaningfully influence energy conversion efficiency under steady-state operation.

In contrast, a highly significant effect of hydrogen fraction on CO2 emissions was
identified (F = 152.3, p < 0.001), with a very large effect size (η2 = 0.94). This result
reflects the direct dependence of CO2 formation on the carbon content of the fuel and
confirms that the observed emission reductions (202 to 161 kg/MWh) are primarily
driven by fuel substitution rather than experimental variability. Post hoc comparisons
using Tukey’s HSD test indicate that differences between all hydrogen blending levels
are statistically significant.

Similarly, NOx emissions were found to be significantly affected by hydrogen blending
(F = 48.7, p < 0.001), with a large effect size (η2 = 0.86). The increase from 40 to 52 mg/kWh
is therefore statistically robust and can be attributed to elevated flame temperatures and
enhanced thermal NOx formation mechanisms. Post hoc analysis confirms that the increase
is statistically significant, particularly between 0% and 20% H2 conditions.

For CO emissions, no statistically significant effect was observed (F = 1.92, p = 0.21),
and the associated effect size (η2 = 0.14) indicates only a minor influence of hydrogen
blending. This is consistent with the stable and low measured values (6–7 mg/kWh),
confirming complete combustion across all operating conditions.

Particulate matter emissions were below the detection limit of the measurement system
in all experiments and were therefore not subjected to statistical analysis. This result further
supports the conclusion that hydrogen– methane-based gas combustion does not promote
particulate formation under the investigated conditions.

The performed statistical analysis confirmed that the observed trends in CO2 and
NOx emissions are both statistically significant and practically meaningful, while varia-
tions in thermal efficiency and CO emissions remain statistically insignificant and within
measurement uncertainty.

4. Discussion
The study results show that hydrogen blending can be introduced into an existing DH

boiler without hardware modification, demonstrating compatibility with current methane-
based gas infrastructure. Stable ignition and flame anchoring were maintained at 0–20%
H2, and the ignition delay decreased from 120 ms to 95 ms due to the higher reactivity and
flame speed of hydrogen-enriched mixtures. No flashback or blow-off occurred, indicating
that proper air–fuel ratio control can manage typical hydrogen combustion risks. Boiler
efficiency remained approximately 92% and thermal output stayed at 6.3 MW, showing
that decarbonization through hydrogen substitution does not compromise performance.

The observed trends are consistent with the combustion characteristics of hydro-
gen. Its higher laminar flame speed and wider flammability limits promote faster heat
release and more complete combustion, helping to maintain stable boiler efficiency de-
spite changes in fuel composition. The reduction in specific CO2 emissions results di-
rectly from the lower carbon content of the blended fuel, whereas the increase in NOx

emissions is associated with enhanced thermal NOx formation under higher local flame
temperatures and accelerated reaction kinetics. Similar interactions between combustion
behavior, heat-transfer processes, and system performance have been reported in advanced
combustion-system studies [35–39,46–48].

The main environmental benefit was a CO2 reduction from 202 to 161 kg/MWh at
20% hydrogen blending. CO and PM remained low, while NOx increased moderately due
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to higher flame temperatures but stayed within regulatory limits. No leakage, corrosion,
or material degradation was observed, and safety systems operated reliably during
the experimental campaign; however, these observations are limited to the duration of
the test period and do not constitute an assessment of long-term equipment integrity
or durability.

While the present study demonstrates the technical feasibility of hydrogen blend-
ing up to 20% under real operating conditions, further study is required to support its
role in the broader transition towards climate-neutral energy systems. In line with the
objectives of the EU Hydrogen Strategy and the European Green Deal, hydrogen is ex-
pected to play a key role in decarbonizing hard-to-abate sectors, including DH. Such study
should be complemented by material-level analyses, including post-operation assessment
of critical components (burners, heat exchangers, pipelines) to identify potential degrada-
tion mechanisms such as hydrogen embrittlement, corrosion, and thermal fatigue under
prolonged exposure.

The progressive scaling of hydrogen use envisioned at the European level necessitates
investigation of higher hydrogen blending ratios (>20%), as well as their implications for
combustion stability, emission formation (particularly NOx), and heat transfer performance.
These studies should be integrated with system-level modelling and techno-economic
assessments to evaluate the viability of hydrogen blending relative to alternative decar-
bonization pathways within DH systems. Advancing from short-term feasibility studies
toward long-term, system-integrated study will be essential to align experimental findings
with the Latvian and European policy objectives and to support the safe and efficient
deployment of hydrogen technologies in existing energy infrastructure.

From a sustainability perspective, the observed reduction in combustion-related car-
bon emissions combined with the preservation of boiler performance and operational
safety indicates that moderate hydrogen blending may contribute to more sustainable DH
systems. By enabling partial decarbonization of heat production without major equipment
modifications, hydrogen co-combustion may facilitate the gradual transition toward lower-
carbon energy systems while maintaining the reliability and affordability of heat supply.
Beyond the direct reduction in combustion-related emissions, the proposed approach pro-
motes resource efficiency by extending the service life of existing DH infrastructure and
reducing the need for carbon-intensive equipment replacement, thereby contributing to the
long-term sustainability of urban energy systems.

It should also be noted that the present study focuses exclusively on combustion-phase
emissions and does not include a full life cycle assessment (LCA) of hydrogen production,
processing, transport, and integration into the gas network. As a result, the reported
reduction in CO2 emissions reflects only the direct impact of fuel substitution at the point
of use. The overall decarbonization potential of hydrogen blending is strongly dependent
on the carbon intensity of the hydrogen supply pathway, which may vary significantly
depending on production methods (electrolysis using renewable electricity versus fossil-
based reforming). A comprehensive LCA is required to accurately quantify system-wide
environmental benefits and trade-offs. Such analysis is beyond the scope of the present
study but represents an important direction for future research, particularly in the context
of large-scale implementation within DH systems.

The results of this study are limited to short-term operation of the investigated 6.3 MW
DH boiler under steady-state conditions with hydrogen blending ratios of up to 20 vol.%.
Consequently, the findings should not be interpreted as evidence of long-term material
compatibility, infrastructure integrity, or resistance to hydrogen-induced degradation mech-
anisms, including embrittlement. In addition, the experimental campaign was conducted
under controlled operating conditions and did not address transient load variations, start-
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up and shutdown procedures, or fluctuations in fuel composition that may occur in practical
DH applications. Further long-term investigations and dynamic-operating-condition as-
sessments are therefore required to establish the broader applicability of hydrogen blending
in DH systems.

5. Conclusions
The study presents a comprehensive experimental investigation of hydrogen–methane-

based gas co-combustion in a commercial-scale DH boiler under real operating condi-
tions. The results provide robust, quantitatively validated insights into the effects of
hydrogen blending on combustion performance, emissions, and system operability. The
findings demonstrate that hydrogen blending of up to 20 vol.% can be integrated into
existing DH boiler systems while maintaining stable operation, regulatory compliance, and
thermal performance.

• The experimental results demonstrate that hydrogen blending of up to 20 vol.% can
be implemented in an existing 6.3 MW DH boiler without hardware modifications
while maintaining stable combustion, thermal output, and operational safety. This
confirms the technical compatibility of moderate hydrogen admixtures with existing
DH infrastructure under steady-state operating conditions.

• The observed combustion stability across all investigated hydrogen blending ratios in-
dicates that the enhanced reactivity and flame propagation characteristics of hydrogen
can be accommodated within existing boiler operating regimes, supporting reliable
heat generation without compromising thermal performance.

• The primary environmental benefit of hydrogen blending is the reduction in the
carbon intensity of heat production. The observed decrease in CO2 emissions confirms
that hydrogen substitution provides a practical near-term pathway for decarbonizing
natural-gas-based DH systems while preserving operational performance.

• Although hydrogen enrichment promotes thermal NOx formation due to higher
combustion temperatures, the measured emissions remained within applicable reg-
ulatory limits. This demonstrates that the environmental trade-off associated with
hydrogen blending can be managed through appropriate combustion control and
boiler operation.

• The consistently low CO emissions and negligible particulate matter concentrations
indicate that hydrogen blending does not adversely affect combustion completeness or
introduce additional air-quality concerns under the investigated operating conditions.

• From an engineering perspective, the results support hydrogen–methane co-
combustion as a transitional decarbonization strategy for existing DH systems.
The ability to reduce carbon emissions without major infrastructure modifications
suggests a practical pathway for integrating hydrogen into current heat-generation
assets while broader hydrogen supply chains and dedicated hydrogen technologies
continue to develop.

• From a sustainability viewpoint, the findings demonstrate that hydrogen blending
in existing DH systems can contribute to the transition towards more sustainable
urban energy systems by reducing the carbon intensity of heat generation without
requiring major infrastructure replacement. This approach supports more efficient
utilization of existing assets, lowers GHG emissions, and enables a gradual transition
towards renewable and low-carbon energy carriers while maintaining system relia-
bility, operational safety, and energy security. As the result, the proposed solution
contributes to several Sustainable Development Goals (SDGs), particularly SDG 7
(Affordable and Clean Energy), SDG 9 (Industry, Innovation and Infrastructure), SDG
11 (Sustainable Cities and Communities), and SDG 13 (Climate Action). By provid-
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ing full-scale experimental evidence from a commercial DH installation, this study
supports policymakers, DH network operators, and energy planners in developing
practical decarbonization strategies that facilitate the sustainable transformation of
existing heat supply systems.

The findings are limited to short-term operation of the investigated boiler under steady-
state conditions and hydrogen blending ratios of up to 20 vol.%. Further research is required
to evaluate long-term material compatibility, hydrogen-induced degradation mechanisms,
and performance under transient operating conditions before broader deployment can be
fully assessed.
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59. Gregorovičová, E.; Pospíšil, J. Hydrogen Safety in Energy Infrastructure: A Review. Energies 2025, 18, 5470. [CrossRef]
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