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Abstract

Natural gas is increasingly used in stationary spark-ignition engines because of its abun-
dance, high octane rating, and lower carbon dioxide emissions than conventional liquid fuels.
Blending hydrogen into natural gas pipelines enables large-scale transport, but pipeline
compressor engines must run directly on this blended gas. Many prior hydrogen blending
studies on such engines have predominantly relied on idealized indoor testing platforms
coupled with dynamometer loading to isolate the impact of hydrogen addition; however,
this study experimentally evaluated hydrogen blends on a six-cylinder, four-stroke industri-
ally representative engine-compressor unit loaded by a closed natural gas compression loop
operating under open-air ambient conditions to analyze the system-level response to hydro-
gen addition. Additionally, emissions were characterized by using a high-resolution FTIR
MKS 2030 MultiGas analyzer. Natural gas-hydrogen blends containing 0-30% hydrogen by
volume were tested in 5% increments. Natural gas flow generally decreased with hydrogen
addition, while brake thermal efficiency increased at all operating conditions. Relative to
the natural gas baseline, methane emissions decreased by as much as 47%, volatile organic
compounds by 62%, and carbon monoxide by 94%; however, NOx emissions increased by
as much as 324%. Carbon dioxide emissions increased by up to 12% at lower loads and
decreased by up to 13% at higher loads. At 30% hydrogen, the equivalence ratio decreased
by 6.25% at the lowest tested load and 8.28% at the highest tested load. Hydrogen blending
can, therefore, improve efficiency and reduce carbon-based emissions in industrial, rich-
burn engines, but the accompanying NOx increase and leaner operation warrant further
testing with adjusted spark timing and controlled equivalence ratio.

Keywords: natural gas; hydrogen; spark ignition; natural gas-hydrogen blends; methane
emissions; greenhouse gas reduction

1. Introduction

Global energy demands continue to grow, forcing the consumption of renewable and
fossil fuel energy sources to reach all-time highs [ 1-4]. Currently, fossil fuels make up 86% of
the global energy mix, continuing to serve as the backbone of our energy system, ensuring
that fossil fuels remain critical contributors to the world’s energy supply for decades to
come [1]. Internal combustion engines are a reliable option in transportation and stationary
power sectors due to their impressive power densities and thermal efficiencies [5]. The
increasing consumption of fossil fuels coupled with concerns over global warming and
environmental protection have pushed researchers to seek less carbon-intense alternative
fuels [6-11]. Natural gas (NG) is at the forefront of this research, as it is quite abundant
and produces fewer carbon-based emissions than traditional fuels, such as gasoline and
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diesel [5,6,12-14]. This versatile resource presently constitutes approximately 23% of global
energy consumption and about 34% in North America [1].

Natural gas has varying configurations, but its main constituent methane (CH,) can
make up to 99% of its total composition [6,15]. Natural gas is the cleanest-burning fossil
fuel due to its low carbon to hydrogen ratio, and it is easily transported and stored [15].
Furthermore, natural gas has a high-octane number, making it highly resistant to engine
knock and suitable for cleaner, more efficient combustion [5]. Also, NG can be reproduced
renewably [16]. However, controlling CH, emissions from NG engines is important, as they
have 25-34 times the global warming potential (GWP) of CO, on a 100-year basis [17,18].

In addition to methane, butane, ethane, propane, and a few other higher hydrocarbons
are some commonly found components within natural gas [15]. These higher hydrocarbons
cause notable volatile organic compound (VOC) emissions [6]. Moreover, rich-burn and
stoichiometric natural gas engines have lower air—fuel ratios (AFRs) than lean-burn engines,
typically studied in a natural gas and hydrogen blending context [19]. This increase in
fuel content in-cylinder can lead to higher carbon and hydrocarbon emissions [20]. To
combat this, hydrogen can be blended with natural gas to increase flame propagation,
and ultimately improve combustion, while further lowering the total carbon to hydrogen
ratio [21,22]. With less carbon content and more complete combustion, regulated emissions,
such as methane, carbon monoxide (CO), and carbon dioxide (CO,), can be significantly
reduced [23]. Moreover, the increase of nitrogen oxide (NOx) emissions, which is generally
considered the biggest drawback of natural gas-hydrogen (HNG) blending, can be mitigated
by coupling four stroke engines with advanced exhaust aftertreatment systems [6,23-25].

Hydrogen (H,) is the most common element in the universe, which makes the resource
an attractive alternative fuel option when considering its decarbonizing potential, ease of
production, and versatility [6,26-28]. Hydrogen can be manufactured from renewable
resources, and it can be blended with diesel, gasoline, and natural gas alike [21]. HNG
blends have become a focal point in alternative fuel research within the last two decades
due to blending’s potential to decrease emissions, reduce fuel consumption, and increase
combustion stability and efficiency [29-33]. Moreover, the idea of blending hydrogen into
existing natural gas infrastructure is gaining popularity due to the complications with pure
hydrogen transportation, such as hydrogen embrittlement [4,8,34,35]. Blended fuels also
provide flexibility in fuel composition depending on the operating condition rather than a
fixed fuel [22]. This allows switching to the most suitable blend composition for specific
operating conditions, guided by the fuel properties detailed in Table 1.

Table 1. Fuel properties [6,7,20,36,37].

Item Natural Gas Hydrogen
Density at 1 atm, 300 K (kg/m?) 0.754 0.082
Stoichiometric air—fuel ratio (vol %) 9.396 2.387
Stoichiometric air—fuel ratio (wt %) 0.062 0.029
Laminar flame speed (m/s) 0.38 29
Mass lower heating value (M]/kg) 43.726 119.22
Volumetric lower heating value (MJ/m?) 32.97 10.22
Research octane number >120 >130
C/H ratio 0.251 0

In our previous study, Hassan et al. [6] tested up to 30% H, by volume HNG blends
on a 17 L, SI, one-cylinder, two-stroke engine with a power rating of 61 kW. The blends
were tested at three different loading conditions: 40%, 60%, and 70% of the rated load.
The experimental results show that H, addition improves CH,, CO,, NOx, and VOCs with
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maximum reductions being 49, 17, 95, and 70%, respectively. CO emissions increase at
40% and 60% loads but decrease at 70%. Moreover, HNG blending shortens burn duration
and reduces coefficient of variations (COVs) of indicated mean effective pressure (IMEP)
for all loads, with a maximum reduction of 23%. H, addition increases indicated thermal
efficiency (ITE) by 3.9, 5.9, and 5.8% at 40, 60, and 70% loads, respectively.

Katsampes et al. [23] studied the impact of HNG blends for H, concentrations up
to 30% by volume on an eight-cylinder, stoichiometric, turbocharged engine with 18 L
displacement, a compression ratio of 10.25:1, and a power rating of 400 BHP at 1800 RPM.
Their results reveal decreasing ignition delay and increasing peak in-cylinder pressures with
increasing hydrogen content. Peak in-cylinder pressure also approaches top dead center
(TDC) with increasing H,. Additionally, CO, CO,, CH,, and hydrocarbon (HC) emissions
decrease with increasing H,. Moreover, the brake thermal efficiency (BTE) increases after
10% H,, and fuel flow decreases with hydrogen addition.

Chapman et al. [38] studied the impact of HNG blends up to 30% H, by volume on a
Ford 4.2 L, six-cylinder, four-stroke, SI engine with a compression ratio of 9.3:1. Their stoi-
chiometric results reveal that 20% H, by volume is the optimal blend for the tested engine.
The 20% H, blend resulted in a maximum increase of ~3% in BTE with H, addition. Addi-
tionally, the maximum reductions in CO and NOx were 45% and 31%, respectively. They
also conclude that retarding the ignition timing will further reduce emissions and torque.

Huang et al. [7] investigated the performance and emission impacts of natural gas—
hydrogen mixtures on a three-cylinder, SI lean automotive engine at 10%, 20%, and 26%
hydrogen concentrations. The study shows that the use of HNG blends in a lean-burn con-
figuration increases NO, emissions and raises thermal efficiency while lowering emissions
of HCs. The lean-burn limit additionally increases using HNG blends.

Kahraman et al. [20] tested a Ford 1.8 L, SI, four-cylinder, four-stroke automotive
engine using HNG blends up to 30% hydrogen concentration. HCs, CO, and CO, emissions
decrease with the substitution of base natural gas with an HNG blend. Peak in-cylinder
pressure decreases due to increasing AFRs achieved through the use of HNG blends.
Thermal efficiency also increases with increasing concentrations of H,.

Ma et al. [39] tested up to 50% by volume H, blends at various air to fuel ratios on an in-
line, six-cylinder, 6.234 L engine with a compression ratio of 10.5:1 at idle conditions. Their
results indicate that combustion stability and thermal efficiency increase with increasing H,
at all tested AFRs. Additionally, CH, emissions and burn duration decrease with increasing
H,. This paper also notes that retarded spark timing was essential to minimizing NOx and
CH, emissions.

De Simio et al. [21] evaluated the impact of 15% and 25% HNG blends on a heavy duty,
in-line, six-cylinder engine with a power rating of 200 kW at 2100 RPM and a compression
ratio of 11:1. The study used two operating strategies with respect to pure natural gas:
iso-MFB50 (constant combustion phasing) and iso-NO, (constant NO, emissions). MFB50
represents the crank angle where 50% of the fuel mass is burned. At iso-MFB50, increasing
hydrogen content increased thermal efficiency and NOx emissions while reducing CO, CO,,
and THC emissions. At iso-NO,, efficiency improvements and reduced CO, CO,, and THC
emissions were still observed. An important conclusion of this study was that HNG blends’
combustion evolution and NOx emissions can be maintained with respect to baseline CNG
with spark timing calibration.

Prior studies have largely lacked industry-relevant testing platforms, relying primarily
on heavily controlled indoor test cells and fixed-load dynamometers. This study is novel in
that testing is conducted entirely on an outdoor integrated engine-compressor platform
exposed to ambient environmental fluctuations, and the engine is loaded via an active,
simulated gas compression flow loop rather than a conventional dynamometer, allowing
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the system to experience system pressure-driven loading typical of field operations. Also,
exhaust emissions were quantified using a MKS 2030 MultiGas analyzer, a highly accurate
system that reflects the comprehensive, all-in-one measurement configurations required for
field emissions compliance testing. In this study, we conduct an experimental investigation
of HNG blends on a four-stroke, rich-burn, carbureted, industrial engine. The engine is an
integrated engine-compressor unit like those commonly deployed in field gathering, pipeline
transmission, and underground gas storage applications. The test unit is commercially
classified as a ‘rich-burn’ natural gas engine, a standard industry designation used to
distinguish near-stoichiometric platforms from lean-burn architectures. In this paper, this
term designates the engine class and nominal control architecture rather than indicating that
every operating point is strictly rich. Blending H, directly into existing natural gas pipeline
networks represents a viable pathway for large-scale hydrogen distribution and industry
decarbonization; however, because field compressor drivers must operate on the line gas
they compress, evaluating their operational viability on HNG fuel blends is critical [3,4].
One primary objective is to evaluate how an unmodified industrial engine performs with
hydrogen blends under authentic operating conditions, with a focus on fuel mass flow rates,
system-level performance, and exhaust emissions.

The purpose of the study is to better understand hydrogen’s impact on the system-level
response of a practical engine’s performance and emissions at various operating conditions,
especially at partial loads, as the equivalence ratio is not controlled. Here, the engine
powers the integrated compressor, which provides the mechanical load, operating across
140-200 Nm and 900-1400 RPM. This study will focus on regulated emissions, such as
CH,, CO, CO,, NOx, and VOCs, and combustion metrics, like BTEs and fuel consumption.
Understanding how different HNG blends behave under changing engine parameters,
and identifying trends in combustion and emissions, will provide insights into optimizing
HNG blend ratios to minimize emissions and maximize performance across all loading
conditions. The empirical datasets generated across this operating envelope provide an
experimental validation benchmark for system-level and process modeling. Integrating
engine performance and emission curves into software allows us to simulate fuel demand,
pipeline hydraulics, and emissions under HNG blend scenarios before actual large-scale
field deployment.

2. Results and Discussion

In this section, the trends in fuel consumption, BTEs, emissions, and AFRs against H,
concentrations are discussed in detail for different operating conditions. HNG blends were
tested from 0 to 30% H, by volume at 5% increments across the operational envelope of
the engine, i.e., from 900 to 1400 RPM and 140 to 200 Nm. The BTEs were calculated while
the emissions, such as NOx, CO, CO,, CH,, and VOCs, were measured and corrected to
grams per horsepower hour in the exhaust for each H, concentration. These parameters
were found at each H, concentration.

To better understand and explain emissions and BTE fluctuations, NG fuel flow is plot-
ted first for various HNG blends across the operating envelope of the engine in Figure 1. In
most cases, NG flow steadily falls as H, fraction increases, consistent with fuel displacement
and hydrogen’s contribution to combustion energy, but for the loading point at 1200 RPM
and 150 (Nm) there is a rise in NG flow up to about 15% H, before dropping toward the
30% value. A repeat trial at this setpoint confirmed that this behavior was consistent and
not an instrument or procedural artifact. While localized closed-loop fueling dynamics
under this load may play a role, the precise mechanism remains unconfirmed in the absence
of in-cylinder diagnostics. Beyond this localized point, fuel consumption and emissions
conformed to expected monotonic trends across all conditions. The maximum percent re-
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duction in NG consumption was 19% at 900 RPM and 190 (Nm) for 30% H,. These changes
in NG consumption highlight that NG flow could be actively managed through controlled
H, injection, enabling strategic reductions in NG consumption and targeted emissions
reductions, both of which are advantageous for stationary oil and gas power applications,
where compliance with emission regulations and engine performance are critical.

H, markers
00%®5% ©10% 15% © 20% ©25% ©30%

Figure 1. Natural gas flows at varied torque and speed.

Figure 2 demonstrates the gravimetric lower heating value (LHV) for 0-30% by volume
HNG blends used in this study. The figure demonstrates a steady, linear increase in fuel
LHV by weight with increasing H, concentrations. The LHV increases from pure NG’s LHV
value of 43.7 MJ /kg to 47.1 M] /kg at 30% H, by volume. The observed reduction in NG mass
flow, coupled with the higher gravimetric LHV of H, blends, allows the engine to meet the
required load with reduced fuel mass throughput; specifically, the total fuel mass flow rate
decreases at a proportionally greater rate than the corresponding shift in lower heating value,
driving the apparent increase in BTE. Furthermore, the accompanying decarbonization and
enhanced combustion rates associated with H, addition are likely contributors to lower
carbon-based emissions without an observable penalty in engine performance.
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Figure 2. LHV versus H, concentration by volume.

Figure 3 shows the BTEs at various H, concentrations mapped across the engine
operation at different speeds and torques. As shown in the figure below, BTEs increase with
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H, addition at all operating conditions. The maximum BTE of 40% is observed at 1400 RPM,
200 Nm, and 15% H,. The greatest increase in BTE from baseline data is 2.7 percentage points
and is seen at 1200 RPM, 150 Nm, and 30% H,. In general, the lower speed, lower torque
points saw the greatest increases in BTEs with H,. These improvements may be attributed to
hydrogen’s higher flame speed, which enhances mixture homogeneity and accelerates flame
propagation during earlier phases of combustion. As seen in prior literature [6,23], the
injtial higher flame speed tends to cause increased peak in-cylinder pressure and it occurs
closer to the TDC, leading to better conversion of chemical energy into mechanical work.
These improvements in thermal efficiency align with the results of Katsampes et al. [23],
Chapman et al. [38], and De Simio et al. [21], who also reported consistent efficiency gains
with hydrogen enrichment.

H, markers
00%®5% ©10% 15% © 20% ©25% ©30%
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Figure 3. BTEs at varied torque and speed.

Figure 4 shows the CH, emissions of various HNG blends plotted against various
engine speeds and torques. CH, emissions under all conditions decreased with increasing
H, concentrations. For higher speeds, 1400 RPM, baseline emissions dropped significantly
as combustion efficiency increased with engine load; however, at this RPM there were still
notable CH, reductions of 45% and 44% at torques of 140 Nm and 200 Nm, respectively,
with 30% by volume H, addition. The greatest reduction in CH, emissions from baseline
was recorded at a lower loading, with 30% H, seeing the maximum reduction of 47% CH,
emissions at 1200 RPM and 190 Nm. The reduction in CH, emissions observed across all
operating points is consistent with universal findings throughout the literature, where H,
addition consistently reduces unburned CH,. These emission reductions are likely a result
of more complete combustion due to hydrogen’s lower ignition energy and higher flame
speed, which lead to a more complete combustion of the fuel mixture, reducing the amount
of unburned fuel. Also, NG flow decreases with increasing H, concentrations, reducing
the amount of methane prior to combustion. The combined effects of fuel decarbonization
and enhanced combustion significantly reduce CH, emissions from a rich-burn NG engine,
which has a strong impact on the engine’s environmental footprint due to methane’s GWP.
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Figure 4. CH, emissions at varied torque and speed.

Figure 5 shows the NOx emissions of HNG blends plotted across the engine’s operating
range. Every HNG blend saw increased NOx emissions compared to baseline data. NOx
emissions increased sharply with higher RPM and higher torque. This is likely due to the
elevated in-cylinder pressures and temperatures associated with greater power demand,
which intensify NOx formation. Furthermore, at all but one point, NOx emissions increased
with increasing H, concentration. The maximum percentage increase in NOx emissions
from baseline data was 324% and was observed at 900 RPM, 190 Nm, and 30% H,. H,
had the least impact on NOx emissions at 1400 RPM, seeing smaller percentage increases
of 36% and 74% at 140 Nm and 200 Nm, respectively. This increase in NOx emissions
follows the same trend observed by Huang et al. [7] and De Simio et al. [21]. The increase
in NOx emissions with H, addition may be attributed to hydrogen’s faster flame speed and
higher adiabatic flame temperature, which lead to higher in-cylinder temperatures and
pressures [23]. Furthermore, the system shifted toward leaner operation as H, displaced NG
mass flow. Although the platform is nominally designated as a rich-burn unit, mechanical
carburetion without an electric, closed-loop air—fuel ratio control resulted in certain speed-
load setpoints operating slightly lean across the blend sweep. This shift increases free oxygen
availability, likely compounding the thermal effects of hydrogen’s accelerated combustion
kinetics and elevated flame temperature. The emissions in this study were evaluated prior
to the engine’s exhaust aftertreatment to establish baseline engine-out behavior. These
industrial rich-burn natural gas engines typically rely on three-way catalysts to mitigate
instances of NO, increases while preserving reductions in the carbon emissions [23-25].

Figure 6 shows the VOC emissions of all HNG blends plotted across the torque and
speed. VOCs decreased significantly with increasing RPM. At higher engine speeds, the in-
creased velocities of air and fuel can improve mixture homogeneity, especially for carbureted
engines, leading to more complete combustion, lowering VOC emissions. Baseline VOC
emissions dropped by roughly 60% from 900 to 1400 RPM from the change in engine speed
alone. Furthermore, the addition of H, significantly reduced VOC emissions at all operating
conditions. The maximum percent reduction in VOC emissions of 62% occurred with the
30% HNG fuel at 900 RPM and 190 Nm. Other significant reductions include a 47% drop at
900 RPM, 160 Nm, and 30% H, and 43% drop at 1400 RPM, 140 Nm, and 20% H,. These

https://doi.org/10.3390/methane5040037


https://doi.org/10.3390/methane5040037

Methane 2026, 5, 37

8 of 19

VOC reductions are consistent with findings by Hassan et al. [6] and mirror the general
decline in total hydrocarbon emissions observed across prior HNG studies [7,20,21,23].
VOC emissions originate both from hydrocarbons already present in the fuel and from
incomplete combustion. In carbureted engines, imperfect mixture preparation, locally rich
pockets, and flame quenching near walls and crevices limit oxidation during combustion,
allowing precursor VOCs and partially oxidized VOC species to escape as VOC emissions.
Both increasing engine speed and enriching with H, improve mixture homogeneity and ac-
celerate flame propagation, reducing the formation and survival of unburned hydrocarbon
species throughout the combustion process.

H, markers
00%® 5% ©10% 15% " 20% ©25% 0 30%

Figure 5. NOx emissions at varied torque and speed.

H, markers
00%®5% °10% 15% “ 20% ©25% ®30%

Figure 6. VOC emissions at varied torque and speed.
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Figure 7 shows CO emissions of the HNG blends plotted across engine speed and
torque ranges. CO baseline emissions drop dramatically with increased engine speed.
At 900 RPM, baseline CO concentrations were highest likely due to slower combustion
and poorer air and fuel mixing, but increasing engine speed to 1400 RPM resulted in an
approximately 80% reduction in CO emissions even before H, addition, demonstrating a
substantial improvement in combustion completeness. The addition of H, to the system
further reduced CO emissions, likely through increasing flame speed, enhancing mixture
reactivity, and lowering the C/H ratio. The maximum percent reduction of 94% was recorded
at 1200 RPM and 190 Nm for the 30% HNG blend. Other reductions were between 68% and
92% at 30% H,. These reductions in CO emissions align with the findings of Katsampes
et al. [23], Chapman et al. [38], and Kahraman et al. [20]. Such significant reductions
indicate that the introduction of H, substantially improved the overall combustion efficiency,
leaving far less unburned carbon monoxide in the exhaust. Hydrogen’s higher flame speed
and reactivity tend to promote faster and more complete combustion. Pockets of fuel-rich
combustion are a driving factor in CO production, so, by promoting a more uniform and
rapid flame propagation, H, addition minimizes the occurrence of these rich zones. This
ensures that a greater portion of the carbon in the fuel is fully oxidized to CO, rather than
remaining as CO. This can be observed in Figure 8, as the addition of H, leads to increases
in CO, emissions.

H, markers
00%® 5% ©10% 15% © 20% ©25% 0 30%

Figure 7. CO emissions at varied torque and speed.

Figure 8 presents the measured CO, emissions of HNG blends across varying torque
and engine speed conditions. For pure NG, CO, emissions increased significantly with an
increase in RPM. At higher engine speeds, the air—fuel mixture became more homogeneous
due to the increased intake speeds of air in the carburetor and cylinder. This in turn caused
a more complete combustion of the fuel. Furthermore, at the higher speed of 1400 RPM,
the addition of H, decreased the amount of CO, produced. This happens because H, flow
decreases the carbon content of the fuel. Lower speeds saw an increase of CO, with H,
addition because at these loading conditions, H,’s impact on combustion completeness
outweighs its decarbonizing factor. The maximum increase in CO, emissions was 12% and
it occurred at 900 RPM for 190 and 160 Nm. The maximum reduction in CO, was 13% at
1400 RPM and 140 Nm with the 30% HNG blend.
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Figure 8. CO, emissions at varied torque and speed.

Figure 9 shows the equivalence ratio of the engine at all H, concentrations and tested
engine loading conditions. For all loading conditions, the addition of H, led to decreases in
the equivalence ratios. The maximum percentage decreases in equivalence ratio for 900 RPM,
160 Nm and 1400 RPM, 200 Nm are 6.25% and 8.28%, respectively. It was observed that
increasing H, flow rates decreased the fuel flow rate to the engine, while the air flow rate
was measured to be constant for all blends at their respective loading condition, lowering
the equivalence ratios. The decreased equivalence ratio indicates leaner combustion for
higher H, blends compared to baseline NG, as evident in the equivalence ratios presented
in Figure 9. The decreased equivalence ratios show that not only does the H, addition
improve flame propagation, but it also makes the engine operation leaner, which helps in
reduction of emissions such as CO and VOCs.

1.25 -
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Figure 9. Equivalence ratio vs. H, percentage by volume.

3. Materials and Methods

The experiments were conducted at the Open-Air Laboratory of the Sustainable Energy
and Carbon Management Center (SECM) at the University of Oklahoma (OU). The labora-
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tory replicates practical oil and gas field operations by simulating NG compression in an
outdoor testing environment. The experiments employed an integrated engine-compressor
unit connected to an experimental gas-flow loop designed to simulate high-pressure com-
pression conditions, allowing the compressor load, and therefore engine load, to include
minor load variations in response to subtle changes in gas flow and system pressure rather
than being prescribed by a fixed dynamometer load. The outdoor setup subjected the
engine to real-world ambient temperature and humidity shifts typical of field installations,
though these ambient variations were not evaluated as test variables. Testing HNG blends
under such conditions, therefore, provides field-relevant data that can be directly applied
to industrial compressor operations.

Figures 10 and 11 below show the integrated engine-compressor unit along with
different components/instruments and the schematic diagram of the experimental setup,
respectively. Table 2 provides instrument models along with available accuracy and ranges.
The compressor and engine revolutions per minute (RPM) are measured with an Al-Tek
magnetic pickup sensor (Al-Tek Instruments, LLC, Cheshire, CT, USA) attached to the
flywheel on the unit’s singular crankshaft. Suction and discharge pressures are measured
using Omega pressure transducers (Omega Engineering, Inc., Norwalk, CT, USA). Because
the experimental architecture coupled the engine directly to the flow loop without an in-line
dynamometer, engine torque calculations are based on compressor brake powers, which
are formulaically calculated using the following compressor parameters: suction pressure,
discharge pressure, swept volume, and compressor RPM. Exhaust temperature is measured
with a k-type thermocouple. A Fox Thermal FT1 mass flow meter (Fox Thermal, Marina,
CA, USA) measures intake air flow rate, and a Coriolis mass flow meter (Micro Motion, Inc.,
Boulder, CO, USA) is used to record NG flow rate. Two other mass flow rate sensors (Fox
Thermal FT1 and Omega FMA-1607A series) record the H, flow rate. The FT1 is installed in
series with the Omega sensor since the Omega sensor could not measure larger flow rates
of H, required to reach higher percent by volume concentrations.

Carburetor

Fox Thermal

H2 Cylinder

H2 Entry

Figure 10. Engine and hydrogen blending setup.
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Figure 11. Schematic diagram of experimental setup.
Table 2. Instrument specifications.
Item Variable Accuracy Range
Fox Thermal FT1 Intake Air Mass Flow 11% Reading + 0.2% Full Scale 15 to 25,000 SFPM
Fox Thermal FT1 H, Mass Flow (High)  £1.5% Reading + 0.5% Full Scale 15 to 25,000 SFPM
Omega FMA-1607A H, Mass Flow (Low)  £0.8% Reading + 0.2% of Full Scale 0 to 10 SLPM
Emerson Micromotion F025
(Micro Motion, Inc., Boulder, NG Mass Flow 10.25% Reading (Gas) 0-100 Ib/min
CO, UsA)
MKS MultiGas 2030 Emission ppm <2% Reading Species dependent
Omega Pressure Transducer Compressor Suction o . .
PX359-200GI Pressure 10.25% Full Scale 0-200 psig
Omega Pressure Transducer =~ Compressor Discharge o .
PX359-2KGI Prossure 10.25% Full Scale 0-2000 psig
Al-Tek Magnetic Pickup . )
70085-1010-005 RPM variable variable
Type K Thermocouples (Omega
Engineering, Inc., Norwalk, Exhaust Temperature +5°C —200 °C to 1260 °C

CT, USA)

The sensor outputs are fed to a programmable logic controller (PLC) (WAGO Corpora-
tion, Germantown, WI, USA) at a rate of 1 Hz and displayed in real time on the e!/COCKPIT
HMI (version 1.11.2.0). The NG used in this experiment is from city supply lines of which
no data are available for the exact composition. To isolate the operational effects of H, under
field conditions, a fixed, standardized fuel composition was assumed across all data points
and calculations with fuel property values cited from previous works in Table 1. Because the
pipeline natural gas composition was held uniform using cited baseline properties, absolute
values of LHV, equivalence ratio, and criteria emissions contain a consistent compositional
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offset; consequently, these metrics are evaluated strictly as relative comparative trends across
H, blend fractions. While absolute values must be interpreted with caution, the high preci-
sion of the MKS MultiGas 2030 FTIR spectrometer (<2% of reading) (MKS Instruments, Inc.,
Andover, MA, USA) minimizes random error between individual measurements, thereby
preserving the validity of observed trajectories and relative changes across fuel blends. The
ultra-pure H, (at least 99.9% pure) from Airgas (Airgas, Inc., Radnor, PA, USA) is blended
with the NG. The H, cylinders are attached to the engine via 4” stainless steel (Swagelok
Company, Solon, OH, USA) and nylon tubes (Lokotool, Florence, NJ, USA) coupled with
H,-specific pressure regulators, shut-off valves, and flashback arrestors. The H, line is
easily fed to the engine with a T-Piece connector prior to the engine’s carburetor, ensuring
sufficient mixing of air, H,, and NG. H, flow is regulated and held constant with the manual
use of valves and regulators. The simplicity of H, installation in this study highlights the
potential value of retrofitting similar industrial engines with HNG blends.

The engine specifications for the engine tested, an Arrow Waukesha VRG-330 (Wauke-
sha Engine, Waukesha, WI, USA), are presented in Table 3. The engine utilizes an unmodi-
fied mechanical gas carburetor with fixed throttle settings across each test sweep. Direct
in-cylinder pressure data were not recorded during testing; therefore, interpretations involv-
ing cylinder pressure, flame speed, and combustion timing represent plausible mechanisms
supported by literature rather than empirical measurements. Because blends were tested
without active equivalence ratio control, the effects of hydrogen addition and changing
equivalence ratio are coupled. The natural gas fuel flow rate was unregulated, while the
hydrogen fuel flow rate was adjusted using a gas cylinder pressure regulator and manual
ball valves. Each flow was regulated individually upstream of the mixing manifold. For
each test setpoint, these valves, and therefore flow rates, were set and held fixed throughout
stabilization and data logging windows, ensuring steady fuel supply rates, which were
then averaged over the data logging window. H, blend fractions were determined on a
volumetric basis by dividing the measured volumetric flow rate of H, by the total combined
fuel flow rate. Under the fixed-throttle operation of the mechanical carburetor, introducing
H, gas upstream naturally displaced NG volume, reducing the NG flow rate. Because no
closed-loop air—fuel ratio controller was implemented, blending hydrogen into the primary
natural gas supply caused the mixture to drift toward leaner operation as hydrogen dis-
placed natural gas mass flow. The engine utilizes a fixed-timing spark plug ignition system,
ensuring that spark advance was held constant across all test sweeps. Although the engine
is equipped with an industrial three-way catalyst, exhaust sampling was conducted directly
upstream of the aftertreatment system to isolate raw, engine-out combustion behavior.

Table 3. Engine specifications.

Item Natural Gas
Engine model Arrow Waukesha VRG-330
Engine type SI, inline six cylinder, four-stroke,
Fuel Natural gas
Injection type Carburetor
Ignition system Fixed-Timing Spark Plugs
Rated brake power 68 BHP (50.7 kW)
Bore 3.875 inches (0.09843 m)
Stroke 4.665 inches (0.11851 m)
Swept volume 330.3in® (541 L)

Pure NG and HNG blends were tested at various loading conditions and up to 30% H,
concentration by volume with an increment of 5%. HNG blends did not pass the 30% thresh-
old, as the continuous combustion of higher H, blends can lead to critically high in-cylinder
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pressures, increased backfire and pre-ignition risk, and significantly higher thermal loads
because of H,’s faster flame speed, higher adiabatic flame temperature, and extremely low
ignition energy. Moreover, higher H, concentrations can cause embrittlement and damage
the engine material. This raises concerns about operator safety and engine integrity. The
engine performance in terms of emissions and BTE was mapped across different speed and
torque points.

An MKS 2030, a Fourier transform infrared (FTIR) spectroscopy analyzer, measures
the emissions of CH,, CO, CO,, NOx, VOCs, and more. However, it cannot measure species
present at higher concentrations, specifically O, and N,. A FTIR device is a very precise
instrument that identifies and quantifies concentrations of species in a mixture by recog-
nizing the unique infrared absorption patterns of the molecules present. In this study,
engine exhaust is drawn from a sampling probe located upstream of the engine catalysts,
then transported to the MKS device through heated, insulated lines for analysis to prevent
sample alteration or degradation. By ensuring sample integrity and eliminating response
delays, this continuous single-instrument configuration emulates industrial Continuous
Emissions Monitoring Systems (CEMS) commonly used to capture emission shifts under
dynamic field-scale engine loads in compliance testing. The accompanying MG2000 soft-
ware (version 10.7) allows real-time monitoring of emission concentrations and the ability
to save the data in various formats. The MKS data were logged at 0.0667 Hz in the software.

To ensure data reliability, a ten-minute stabilization period was maintained following
any change in engine speed, compressor load, or hydrogen blend fraction. For each data
point, operational data were subsequently logged in the PLC continuously at 1 Hz for
five-minute intervals, yielding 300 synchronized observations per operating condition.
Reported values for fuel flow rates, compressor pressures, and engine RPM represent
time-averaged steady-state means across this 300 s window. The corresponding brake load
torque was calculated from the temporal averages. The emissions” data were logged at
a sampling rate of 15 s, resulting in 20 independent measurements over the five-minute
testing interval. These data were also averaged over the temporal window. Given that
these averages consist purely of continuous sampling periods rather than randomized
multi-day trials, the results are evaluated strictly as observational trends without inferred
statistical significance. Time-averaging across these stable windows ensured representative
steady-state values rather than random noise, with observed fuel-blend shifts substantially
exceeding the sensor tolerances in Table 2. For reporting and matrix classification, each
nominal operating condition was rounded to the nearest 100 RPM and 10 Nm to improve
visual clarity of general trends.

Theory and Calculations

The equations shown below are used to quantify engine performance under different
HNG blends. Equation (1) measures the work produced by the engine based on the
integrated compressor’s work. Because the compressor is coupled to the engine via a belt-
driven system, the compressor work is directly powered by the engine’s crankshaft. The
system brake power is then calculated using the compressor RPM and compressor work in
Equation (2). The relation of the engine crankshaft RPM with the compressor shaft RPM
is provided in Equation (3). Equation (4) determines the engine torque from measured
brake power and engine RPM, and Equation (5) calculates BTE using the work output of
the engine. Together, they determine engine load and show how hydrogen affects load,
mechanical output, and efficiency:

wev(n|(3) ]
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Po= W, @)
Dcomp
Cl’lg Deng Comp
_ 60-P,, (4)
270 N,y
Py,
BTE = ———-1
myLHV 00, (5)
where:
W =work (]),

V = swept volume of compressor cylinder (m?),
P, = suction pressure (Pa),

P; = discharge pressure (Pa),

n = polytropic index (1.4),

P, = brake power (W),

N omp = compressor shaft rotational speed (RPM),
N,,, = engine crankshaft rotational speed (RPM),
Doy = compressor shaft pitch diameter (m),
D,,, = engine crankshaft pitch diameter (m),

T = torque (Nm),

BTE = brake thermal efficiency (%),

fiiy = mass flow rate of fuel per second (kg/s),
LHV = lower heating value (J/kg).

Brake power in this study was inferred from compressor thermodynamics using a
fixed polytropic index (n = 1.4) based on a simple isentropic assumption. In-cylinder
pressure instrumentation was unavailable to empirically determine the polytropic index
across operating conditions. However, because operating speed, pressure ratios, and me-
chanical hardware were held constant throughout testing, any residual bias behaves as
an invariant systematic offset in the polytropic index, n. Utilizing this idealized index
overpredicts gas compression work, but the simultaneous omission of mechanical friction
and belt-drive losses underpredicts shaft demand. Because these approximations act in
opposing directions, they partially offset one another and reduce the net deviation from
true brake output. Experimental measurement precision is largely governed by physical
instrumentation, whose specifications and rated accuracies are detailed in Table 2. Conse-
quently, the inferred metrics are utilized to evaluate relative comparative trends across fuel
blends rather than absolute point values, ensuring that the observed trajectories in thermal
efficiency and emissions with increasing H, fraction remain methodologically robust.

The wet basis parts per million (ppm) data of CH,, CO, CO,, NOx, and VOCs as well
as the exhaust moisture percentage were obtained via the MKS 2030. These emissions data
were first converted to a dry basis using Equation (6). This practice is consistent with the
reporting conventions outlined in 40 CFR Part 60 Subpart JJJJ [40]. The dry basis ppm
emissions data were then converted to mole fractions using Equation (7). From here, the
mass fraction of each constituent (CH,, CO, CO,, NOx, and VOCs) was determined with
Equation (8), where the remaining exhaust mass was attributed to N,. Near stoichiometric
combustion tends to leave little residual O,. Furthermore, due to the proximity of molecular
weights between O, (32.00 g/mol) and N, (28.01 g/mol), there is a negligible offset in mass
fraction calculations. Finally, the constituent mass fractions were utilized alongside total
exhaust mass flow (the combined mass flow of NG, H,, and air) and engine horsepower per
hour to find grams per horsepower hour using Equation (9). This adjustment standardizes
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the emissions to a common reference frame, allowing direct comparison across different

engines, operating conditions, and fuel blends, in line with the Environmental Protection

Agency’s (EPA) emissions testing protocols [40]:

100
ppde = ppmVW( 100 — %H,Og,qaust > ©
ppmod,
) @)
mfl == )
g _ Mt )
hphr .~ hp-hr’

where:

ppmvd = parts per million on dry basis (ppm),

ppmvw = parts per million on wet basis (ppm),

%H, Opyaust = €xhaust moisture (%),

x; = mole fraction of species i,

mf; = mass fraction of species i,

MW, = molecular weight of species i (g/mol),

Z]. x]--MWj = total molecular weight of exhaust gas mixture (g/mol),

my

= total mass flow rate of air and fuel (g/hr),

hp = calculated horsepower (hp).

4. Conclusions

HNG blends were tested on a rich-burn, SI engine from 0 to 30% H, by volume,

and the engine performance in terms of BTEs and the emissions were analyzed across an
operating range of 900-1400 RPM and 140-200 Nm loads. The results showed promising
improvements in the engine performance with the use of HNG blends:

For each operating point, except for 1400 RPM, 200 Nm, the highest BTEs were observed
for the highest HNG blend, i.e., at 30% H,. The maximum improvement in BTE was
2.7 percentage points for the 1200 RPM, 150 Nm case at 30% H,.

A significant decline was observed in the CH, emissions with the addition of H, at
each operating condition. The maximum reduction in CH, emissions was 47% for the
1200 RPM, 190 Nm case at 30% H,.

The VOC, CO, and CO, emissions declined significantly at 30% H,. The emission re-
ductions were monotonic for VOC and CO emissions with the addition of H,. However,
the CO, emissions increased (maximum 12%) at 900 RPM, 160 and 190 Nm loads. The
exact reductions were 62% for VOCs at 900 RPM, 190 Nm, 94% for CO emissions at
1200 RPM, 190 Nm, and 13% for CO, emissions at 1400 RPM, 140 Nm.

NOx emissions increased monotonically with the addition of H,. Maximum increase in
NOx emissions was 324% for the 900 RPM, 190 Nm case. This pronounced engine-out
increase highlights the vital role of the downstream three-way catalyst in mitigating
post-combustion NOx while preserving carbon reductions.

Engine air flow rates remained constant for each RPM and load scenario. The engine
began to run more lean with increased H, concentrations due to the constant air flow
rate and decreasing NG flow rates for all tested conditions.

In general, the lower carbon intensity of HNG blends compared to NG, further as-

sisted by the faster flame speeds of H, and improved energy utilization, helped reduce

the carbon-based emissions and improve the BTEs. Within the evaluated speed and load
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envelope, these results demonstrate the operational feasibility of utilizing HNG blends in
the tested Arrow/Waukesha VRG-330 architecture and similar industrial rich-burn engines
operating on pipeline natural gas, without requiring major mechanical retrofits. Future
investigations will include HNG blends on the engine at varied spark timings and constant
equivalence ratios.
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