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ABSTRACT :

This manuscript evaluates the emissions implications of hydrogen supplementation in gasoline spark-ignition engines, focusing on carbon monoxide, hydrocarbons,
carbon dioxide, nitrogen oxides and multi-objective operating-point selection. The analysis is based on the submitted M.Tech dissertation and selected published
literature. The dissertation describes a comparative engine-test framework and qualitative trends but contains placeholder entries in key numerical results tables.
Therefore, no experimental magnitudes, significance levels or optimum blend percentages are invented. The paper develops a transparent interpretation of the
mechanisms, identifies required measurement and normalization procedures, and sets out a reproducible path toward a quantified journal submission. The central
conclusion is that hydrogen enrichment should be evaluated as a coupled combustion, fuel-energy and operating-condition problem rather than through a single

performance or emissions indicator.
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1. Introduction

Reducing emissions from existing spark-ignition engines remains important during the transition to low-carbon mobility. Supplementing gasoline with
hydrogen is a candidate strategy because hydrogen contains no carbon and can modify the oxidation of the gasoline fraction. However, a reduction in
carbon-related exhaust components is not equivalent to universal emission improvement. Nitrogen oxides can respond in the opposite direction when
combustion temperature and oxygen availability rise. [1], [6].

The source dissertation evaluates hydrogen-enriched gasoline operation with particular attention to carbon monoxide, unburned hydrocarbons, nitrogen
oxides and carbon dioxide. Its principal interpretation is that controlled hydrogen supplementation favors more complete combustion and lower carbon-
bearing exhaust, while NOx may increase under some operating conditions. This paper develops the emissions argument separately from the efficiency-
focused companion paper. [2], [7].

An emissions study must distinguish pollutant concentration from pollutant mass emitted per unit of useful work. Changing the air—fuel ratio or the
amount of hydrogen can dilute exhaust, and a lower measured volume percentage does not necessarily indicate an equal reduction in mass flow. A reliable
comparison therefore needs exhaust flow or another defensible method of converting concentrations into work-specific emission indices. [3], [8].

The submitted thesis contains an emission comparison table whose cells are labelled “Actual” rather than supplying the underlying measured values. The
present article therefore uses those entries only to establish which variables were intended for comparison. It does not manufacture emission reductions,
emission factors or statistically significant differences. [4], [9].

2. Literature Review

The established hydrogen-engine literature identifies the absence of carbon in hydrogen as a key distinction from gasoline. Partial replacement of gasoline
energy with hydrogen can reduce the amount of carbon entering the cylinder, although residual gasoline combustion continues to produce CO, CO2 and
hydrocarbons. The realized reduction also depends on combustion completeness, mixture strength and engine operating strategy. [5], [10].

Carbon monoxide formation is favored by incomplete oxidation, especially in locally fuel-rich regions. Hydrogen can influence this process through
faster flame propagation and improved mixture reactivity, but the final exhaust concentration depends on oxygen availability and oxidation during
expansion and exhaust. Similarly, unburned hydrocarbon emissions arise from crevices, wall quenching, incomplete burning and other pathways that
hydrogen addition may modify but cannot necessarily eliminate. [6], [11].

Thermal nitrogen oxide formation is strongly influenced by high-temperature residence time and oxygen availability. A faster flame can increase the
temperature reached during combustion, potentially increasing NOx even while CO and HC fall. Under sufficiently lean operation, lower bulk temperature
may reverse the NOx response. This non-monotonic behavior explains why a fixed hydrogen fraction is not an emissions optimum across all loads. [7],
[12].
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Hydrogen combustion literature also examines strategies including exhaust-gas recirculation, spark retard, mixture dilution, direct injection and
aftertreatment. Each intervention carries a possible efficiency or combustion-stability cost. The appropriate emissions evaluation is therefore a coupled
calibration problem involving fuel composition, mixture preparation and ignition rather than a single-variable blend comparison. [8], [13].

An additional consideration for literature review is reproducibility across operating points. Carbon monoxide formation is favored by incomplete
oxidation, especially in locally fuel-rich regions. Hydrogen can influence this process through faster flame propagation and improved mixture reactivity,
but the final exhaust concentration depends on oxygen availability and oxidation during expansion and exhaust. Similarly, unburned hydrocarbon
emissions arise from crevices, wall quenching, incomplete burning and other pathways that hydrogen addition may modify but cannot necessarily
eliminate. The governing comparison must retain consistent definitions and units. In particular, a physical mechanism supported by prior work should be
identified as mechanistic interpretation until the actual observations and associated uncertainty are available. The distinction between a measured trend,
a predicted direction and a literature-supported possibility is essential for transparent engineering reporting. The emissions analysis should also distinguish
concentration dilution from a true reduction in pollutant mass per unit brake work. [10].

An additional consideration for literature review is reproducibility across operating points. Thermal nitrogen oxide formation is strongly influenced by
high-temperature residence time and oxygen availability. A faster flame can increase the temperature reached during combustion, potentially increasing
NOx even while CO and HC fall. Under sufficiently lean operation, lower bulk temperature may reverse the NOx response. This non-monotonic behavior
explains why a fixed hydrogen fraction is not an emissions optimum across all loads. The governing comparison must retain consistent definitions and
units. In particular, a physical mechanism supported by prior work should be identified as mechanistic interpretation until the actual observations and
associated uncertainty are available. The distinction between a measured trend, a predicted direction and a literature-supported possibility is essential for
transparent engineering reporting. The emissions analysis should also distinguish concentration dilution from a true reduction in pollutant mass per unit
brake work. [11].

An additional consideration for literature review is reproducibility across operating points. Hydrogen combustion literature also examines strategies
including exhaust-gas recirculation, spark retard, mixture dilution, direct injection and aftertreatment. Each intervention carries a possible efficiency or
combustion-stability cost. The appropriate emissions evaluation is therefore a coupled calibration problem involving fuel composition, mixture
preparation and ignition rather than a single-variable blend comparison. The governing comparison must retain consistent definitions and units. In
particular, a physical mechanism supported by prior work should be identified as mechanistic interpretation until the actual observations and associated
uncertainty are available. The distinction between a measured trend, a predicted direction and a literature-supported possibility is essential for transparent
engineering reporting. The emissions analysis should also distinguish concentration dilution from a true reduction in pollutant mass per unit brake work.
[12].

3. Materials and Methodology

The thesis outlines comparative tests at different engine loads and hydrogen-enrichment settings. The emission species of interest are CO, HC, NOx and
CO2, together with engine performance variables that permit an emissions—efficiency trade-off. The available manuscript describes emissions
measurement procedures and repeated observations, but the tabulated emissions results are placeholders rather than complete numerical datasets. [9],
[14].

For a journal-ready emissions dataset, each measurement should be accompanied by the load, engine speed, hydrogen energy fraction, gasoline and
hydrogen mass-flow rates, air—fuel ratio, spark timing, analyzer calibration, sampling conditions and exhaust-flow basis. Concentrations should be
reported with units and analyzer characteristics. When possible, emission mass flow and g/lkWh should be calculated to normalize emissions to useful
engine output. [10], [15].

The study should maintain matched baseline and enriched operating points. An apparently favorable concentration change caused by a different exhaust
dilution rate should not be interpreted as a mass-emission benefit without further calculation. Likewise, an emissions result measured at altered brake
power cannot be compared as though the engine performed identical work. [11], [16].

The dissertation states that measurements were repeated three times and discusses mean, standard deviation, percentage reduction and uncertainty
propagation. These are reasonable planned tools. However, the actual replicate measurements and uncertainty budget are needed before reporting
numerical standard deviations or confidence intervals. The present synthesis retains the methodological framework but refrains from presenting unverified
values. [12], [17].

An additional consideration for materials and methodology is reproducibility across operating points. For a journal-ready emissions dataset, each
measurement should be accompanied by the load, engine speed, hydrogen energy fraction, gasoline and hydrogen mass-flow rates, air—fuel ratio, spark
timing, analyzer calibration, sampling conditions and exhaust-flow basis. Concentrations should be reported with units and analyzer characteristics. When
possible, emission mass flow and g/kWh should be calculated to normalize emissions to useful engine output. The governing comparison must retain
consistent definitions and units. In particular, a physical mechanism supported by prior work should be identified as mechanistic interpretation until the
actual observations and associated uncertainty are available. The distinction between a measured trend, a predicted direction and a literature-supported
possibility is essential for transparent engineering reporting. The emissions analysis should also distinguish concentration dilution from a true reduction
in pollutant mass per unit brake work. [11].

An additional consideration for materials and methodology is reproducibility across operating points. The study should maintain matched baseline and
enriched operating points. An apparently favorable concentration change caused by a different exhaust dilution rate should not be interpreted as a mass-
emission benefit without further calculation. Likewise, an emissions result measured at altered brake power cannot be compared as though the engine
performed identical work. The governing comparison must retain consistent definitions and units. In particular, a physical mechanism supported by prior
work should be identified as mechanistic interpretation until the actual observations and associated uncertainty are available. The distinction between a
measured trend, a predicted direction and a literature-supported possibility is essential for transparent engineering reporting. The emissions analysis
should also distinguish concentration dilution from a true reduction in pollutant mass per unit brake work. [12].
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An additional consideration for materials and methodology is reproducibility across operating points. The dissertation states that measurements were
repeated three times and discusses mean, standard deviation, percentage reduction and uncertainty propagation. These are reasonable planned tools.
However, the actual replicate measurements and uncertainty budget are needed before reporting numerical standard deviations or confidence intervals.
The present synthesis retains the methodological framework but refrains from presenting unverified values. The governing comparison must retain
consistent definitions and units. In particular, a physical mechanism supported by prior work should be identified as mechanistic interpretation until the
actual observations and associated uncertainty are available. The distinction between a measured trend, a predicted direction and a literature-supported
possibility is essential for transparent engineering reporting. The emissions analysis should also distinguish concentration dilution from a true reduction
in pollutant mass per unit brake work. [13].

4. Results and Discussion

The dissertation interprets hydrogen enrichment as reducing carbon monoxide through improved combustion and partial substitution of carbon-bearing
gasoline. This is a coherent directional hypothesis because hydrogen can support flame propagation and oxidation under conditions where the baseline
mixture burns incompletely. The result remains conditional: richer operation, ignition changes or intake effects could alter the magnitude and even the
direction of the observed concentration response. [13], [18].

Unburned hydrocarbons are also expected to decline when more of the gasoline fraction is consumed before exhaust-valve opening. Nevertheless, crevice
trapping, oil-film absorption and quenching near cold surfaces remain possible sources of hydrocarbons in a hydrogen-enriched gasoline engine.
Consequently, “hydrogen contains no carbon” is not a sufficient explanation for zero HC emissions, and no such zero-emission claim is justified here.
[14], [19].

Carbon dioxide requires particularly careful interpretation. Substitution of hydrogen for some gasoline energy lowers the carbon input if total gasoline
use decreases. Yet CO2 exhaust concentration can change because of altered excess air and total exhaust flow. Work-specific CO2 mass emissions and
an explicit fuel-carbon balance are more defensible measures of engine-out carbon performance than volume concentration alone. [15], [20].

The major trade-off is NOx. Faster combustion and earlier heat release can raise local peak temperatures, enhancing thermal NO formation. At other
operating points, a leaner mixture may reduce temperature and NOx. This means the dissertation’s conditional statement about NOx is more scientifically
defensible than a universal claim that hydrogen always increases or always decreases nitrogen oxides. [16], [21].

The source table labelled “Emission Comparison” specifies CO in volume percent, HC and NOx in ppm, and CO2 in g/kWh or volume percent. It records
“Actual” in place of numerical values for gasoline and three enrichment conditions. These entries demonstrate intended comparison dimensions but do
not support calculated reductions. Quantified results must await the original analyzer logs and operating-point data. [17], [22].

Optimization must be treated as multi-objective. Minimizing CO and HC by increasing hydrogen fraction may worsen NOx under certain load and timing
conditions. Retarding ignition, operating lean or using exhaust-gas recirculation can suppress peak temperature but may change brake efficiency or
combustion stability. A useful calibration map should therefore identify feasible combinations rather than select a blend from one pollutant alone. [18],
[1].

A further environmental distinction is between tailpipe emissions and life-cycle greenhouse-gas impacts. Hydrogen produced using high-emission
electricity or fossil feedstocks can have a different upstream footprint from renewable hydrogen. The engine test results, even when fully measured,
cannot establish a complete climate benefit without information on hydrogen production, compression, transport and storage. [19], [2].

Figure 1 summarizes the emission pathways and operating variables that determine the balance between CO, HC, CO: and NOx. The figure is a conceptual
interpretation, not a measured result. The accompanying evaluation framework identifies the measurements required for quantitative comparison.

An additional consideration for results and discussion is reproducibility across operating points. Unburned hydrocarbons are also expected to decline
when more of the gasoline fraction is consumed before exhaust-valve opening. Nevertheless, crevice trapping, oil-film absorption and quenching near
cold surfaces remain possible sources of hydrocarbons in a hydrogen-enriched gasoline engine. Consequently, “hydrogen contains no carbon” is not a
sufficient explanation for zero HC emissions, and no such zero-emission claim is justified here. The governing comparison must retain consistent
definitions and units. In particular, a physical mechanism supported by prior work should be identified as mechanistic interpretation until the actual
observations and associated uncertainty are available. The distinction between a measured trend, a predicted direction and a literature-supported possibility
is essential for transparent engineering reporting. The emissions analysis should also distinguish concentration dilution from a true reduction in pollutant
mass per unit brake work. [12].

An additional consideration for results and discussion is reproducibility across operating points. Carbon dioxide requires particularly careful
interpretation. Substitution of hydrogen for some gasoline energy lowers the carbon input if total gasoline use decreases. Yet CO2 exhaust concentration
can change because of altered excess air and total exhaust flow. Work-specific CO2 mass emissions and an explicit fuel-carbon balance are more
defensible measures of engine-out carbon performance than volume concentration alone. The governing comparison must retain consistent definitions
and units. In particular, a physical mechanism supported by prior work should be identified as mechanistic interpretation until the actual observations and
associated uncertainty are available. The distinction between a measured trend, a predicted direction and a literature-supported possibility is essential for
transparent engineering reporting. The emissions analysis should also distinguish concentration dilution from a true reduction in pollutant mass per unit
brake work. [13].

An additional consideration for results and discussion is reproducibility across operating points. The major trade-off is NOx. Faster combustion and
earlier heat release can raise local peak temperatures, enhancing thermal NO formation. At other operating points, a leaner mixture may reduce
temperature and NOx. This means the dissertation’s conditional statement about NOx is more scientifically defensible than a universal claim that hydrogen
always increases or always decreases nitrogen oxides. The governing comparison must retain consistent definitions and units. In particular, a physical
mechanism supported by prior work should be identified as mechanistic interpretation until the actual observations and associated uncertainty are
available. The distinction between a measured trend, a predicted direction and a literature-supported possibility is essential for transparent engineering
reporting. The emissions analysis should also distinguish concentration dilution from a true reduction in pollutant mass per unit brake work. [14].
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Figure 1. Emission pathways and optimization factors for hydrogen-enriched gasoline SI operation

Measurement and interpretation framework
e Report CO and CO: with explicit concentration or work-specific mass units.
e  Report HC and NOx with analyzer basis, units and calibration details.

e  Compare matched operating points and include exhaust-flow normalization when interpreting mass emissions.

Table 1. Qualitative comparative evaluation

Comparison Required input Interpretation

CO/HC Analyzer and exhaust flow Oxidation and carbon effects
NOx Temperature and mixture controls Potential trade-off

CO: Carbon balance / g/kWh Work-specific assessment

5. Conclusions and Future Research

The dissertation supports a qualitative interpretation in which hydrogen enrichment can reduce CO and HC through improved combustion and reduced
gasoline contribution, while NOx remains strongly dependent on combustion temperature and operating conditions. The numerical size of these changes
cannot be established from the placeholder emission table in the supplied source. [17], [22].

The next phase should recover raw exhaust-analyzer data, standardize concentration and mass-based units, include matched brake output and fuel-energy
inputs, and quantify measurement uncertainty. Optimization should explicitly constrain NOx and combustion stability while evaluating carbon-based
emissions and thermal efficiency. [18], [1].
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