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Abstract: Natural gas (NG) is favored for transportation due to its availability and lower CO2

emissions than fossil fuels, despite drawbacks like poor lean combustion ability and slow burning.
According to a few recent studies, using hydrogen (H2) alongside NG and diesel in Tri-fuel mode
addresses these drawbacks while enhancing efficiency and reducing emissions, making it a promising
option for diesel engines. Due to the importance and novelty of this, the continuation of ongoing
research, and insufficient literature studies on HNG–diesel engine emissions that are considered
helpful to researchers, this research has been conducted. This review summarizes the recent research
on the HNG–diesel Tri-fuel engines utilizing hydrogen-enriched natural gas (HNG). The research
methodology involved summarizing the effect of engine design, operating conditions, fuel mixing
ratios and supplying techniques on the CO, CO2, NOx and HC emissions separately. Previous studies
show that using natural gas with diesel increases CO and HC emissions while decreasing NOx

and CO2 compared to pure diesel. However, using hydrogen with diesel reduces CO, CO2, and
HC emissions but increases NOx. On the other hand, HNG–diesel fuel mode effectively mitigates
the disadvantages of using these fuels separately, resulting in decreased emissions of CO, CO2,
HC, and NOx. The inclusion of hydrogen improves combustion efficiency, reduces ignition delay,
and enhances heat release and in-cylinder pressure. Additionally, operational parameters such as
engine power, speed, load, air–fuel ratio, compression ratio, and injection parameters directly affect
emissions in HNG–diesel Tri-fuel engines. Overall, the Tri-fuel approach offers promising emissions
benefits compared to using natural gas or hydrogen separately as dual-fuels.

Keywords: emission; hydrogen enrichment; natural gas; HCNG; diesel engine

1. Introduction

Numerous studies by medical experts have demonstrated that emissions from vehicle
exhaust pipes contribute significantly to various health problems, including allergic respi-
ratory conditions like rhinosinusitis and bronchial asthma, as well as cardiovascular and
neurobehavioral issues. Moreover, compelling evidence suggests that prolonged exposure
to fine particulate matter (PM 2.5) pollution is associated with increased rates of cardiopul-
monary mortality [1–4]. In the early 19th century, increased automation prompted a surge
in research aimed at enhancing power-generating machinery [5,6]. These engines typically
utilize fuels derived from fossil fuels. Among the two main types of engines, namely
spark ignition (SI) and compression ignition (CI) engines, CI engines are predominantly
utilized for power generation in medium and heavy-duty applications due to their en-
hanced efficiencies and lower specific fuel consumption [6,7]. Due to their cost effectiveness,
durability, reliability and high combustion efficiency, diesel engines are commonly used
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worldwide [8–11]. Despite this, diesel engines are considered one of the main sources of en-
vironmental pollution [12–14] and for a sustainable future, it is a key challenge to decrease
their emissions [15]. The NOx and particulate matter are the most important pollutants
from diesel engines. Photochemical smog and acid rain are attributed to NOx emissions.
Particulate matter from diesel engines exhausts are consists of some chemical components
such as trace elements, carbon, inorganic organic carbon components, etc. [16,17]. These
particles are harmfully affecting the environment and human health. The use of alternative
fuels has established itself as an attractive solution to resolve the inconsistency between
the scarcity of oil resources and the necessity to increase energy while at the same time
reducing pollutant emissions [4,18].

Scientists and researchers have conducted numerous experimental studies to identify
alternative fuels that could address environmental concerns. Potential solutions include
biodiesel derived from vegetable oils, bio alcohols such as methanol, propanol, ethanol,
and butanol sourced from corn, biomass from organic material, biogas from sources like
swamps and landfills, natural gas from fossil fuels, dimethyl ether (DME), hydrogen (H2),
oxyethylene ethers (OMEs) and other options yet to be discovered in the future [19–27].
Among these alternative fuels, natural gas (NG) is extremely favorable and appealing in
transportation [19–21]. First of all, NG is available at attractive prices in wide regions of
the world [28–30]. In addition to natural gas and oil fields, NG industries produce this
gas from gradually more demanding resources, for example, coal-bed methane, sour gas,
tight gas, shale gas, methane gas hydrate [28], Power-to-Gas (P2G) and Power-to-Methane
(P2M) technologies [31,32]. Moreover, even though NG’s major component is methane
(CH4), which is a greenhouse gas, natural gas is still favorable as a gaseous fuel due to
low C/H. So, it helps in reducing CO2 emissions owing to its higher hydrogen to carbon
ratio than that of entirely fossil fuels. Moreover, NG could significantly decrease NOx
emissions besides producing almost zero particulate matter and smoke [33,34], which is
difficult to achieve with conventional diesel engines. Third, by reason of its high methane
percentage, NG is not prone to detonation under normal operation conditions. So the NG
can be applied in CI engines that have a high compression ratio (CR) and release a brake
thermal efficiency (BTE) higher than this one from normal fuel engines [28,29]. Despite
the benefits of using NG, there are some drawbacks, such as slow-burning and poor lean
combustion ability. These issues result in engines exhibiting longer burn times, lower
power output, high cyclic variation, decreasing in-cylinder pressure (ICP) and heat release
rate (HRR) [28,29]. Additionally, with NG, the HC and CO emissions increase more than
100 times, and the engine suffers from a low BTE at low and medium loads. Whereas at
high engine loads the BTE is similar or slightly higher as compared with regular diesel fuel
mode [28].

By reason of the disadvantages of using an NG–diesel fuel mode, many researchers
looked for alternative fuels such as hydrogen (H2) and others. Using H2 as a secondary fuel
in compression ignition (CI) engines is considered an effective contributor to the reduction
of smoke, CO and CO2 and HC levels, which could reach up to more than 50% under
optimal operation conditions [35]. High H2 amounts have a tendency to cause an obvious
influence on combustion, like a sharp increase in HRR and BTE due to the high flame speed
of hydrogen. Conversely, the combustion of H2 with a higher energy content causes an
increase in in-cylinder temperature, which leads to significant growth of NOx, especially
under conditions of high load and high in-cylinder pressure [35].

Therefore, to leverage the benefits offered by diesel, hydrogen, and natural gas and
remove their disadvantages if used individually, scientists and researchers combined them
together in HNG–diesel Tri-fuel mode. Blending natural gas with hydrogen presents a
promising alternative to conventional fossil fuels, with potential reductions in overall pol-
lutant emissions [29]. This approach offers a viable path toward sustainable transportation,
especially considering the increasingly stringent emission standards in European countries.
Hydrogen-enriched natural gas (HNG) combines the benefits of both hydrogen and nat-
ural gas while mitigating their drawbacks, leading to improved fuel efficiency, reduced
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emissions of CO, HC, and CO2, and enabling lean burn [29,36,37]. Hydrogen’s unique
characteristics, including its wide flammability range, contribute to enhanced efficiency
and lower toxic emissions, along with improved ignition delay and flame stability [29,36].
Adding hydrogen to natural gas can also result in shorter burning times, wider flammabil-
ity limits, and expanded exhaust gas recirculation (EGR) capabilities while maintaining
low cyclic variations and NOx emissions [29,36]. Hythane is a mixture of hydrogen and
natural gas that has been patented by Frank Lynch of Hydrogen Components Inc. USA for
its energy content, enabling engine use without modifications [29,38]. Demonstrations of
Hythane’s efficacy have been conducted across North America, Europe, and Asia [29,39].
Even a small fraction of hydrogen (5–30% by volume) added to natural gas in internal
combustion engines offers significant benefits, leveraging specific physical and chemical
properties [29,38]. The hydrogen fraction in HNG is determined by the partial pressures of
the two fuels in the tank, with the Wobbe index serving as a key indicator of gas composi-
tion’s impact on engine performance. A constant Wobbe index ensures minimal fluctuations
in air–fuel ratio and combustion rate despite changes in gas composition [29,38,40].

Despite the benefits of using a mixture of HNG (hydrogen and natural gas), scientific
research on this gas mixture is still limited due to obstacles to the use of hydrogen. These
obstacles are represented by the difficulty of producing hydrogen gas, the danger of storing
it, and the limitations of its delivery pipelines and distribution stations, all of which cause
its high price and limited availability. Therefore, scientific research on the use of HNG with
other fuels is still continuing and increasing whenever one of the obstacles to the use of
hydrogen is passed or overcome.

Numerous scientists and researchers have demonstrated through their studies that
HNG-ICE (hydrogen-enriched natural gas internal combustion engine) stands as a globally
eco-friendly fuel option for internal combustion vehicles. The potential for HNG-ICE
appears promising, provided there is a cost-effective means to produce hydrogen and a
supply infrastructure akin to that of crude oil products, ensuring seamless overall engine
performance [4].

Recently, some numerical and experimental scientific studies have been conducted
on HNG–diesel Tri-fuel engines. These studies analyzed the effect of the fuel mixture
ratio (hydrogen, natural gas, and diesel), fuel supplying methods and conditions, engine
details and operation conditions on the combustion, performance and exhaust emissions of
HNG–diesel engines. Out of these studies, there are a few that have discussed the exhaust
emissions, and it showed that switching from NG-diesel and H2-diesel dual-fuel mode to
HNG–diesel Tri-fuel mode plays a vital role in exhaust emissions behavior.

Due to the novelty of the HNG–diesel subject and continued studies on it, the previous
literature studies like [4,6,29,38,41–43] on the HNG–diesel fuel mod are excellent and
continue, but they have not included almost studies and do not cover all aspects, especially
the exhaust emissions. In addition, there is a conflict in some of the results reached
by researchers in terms of the effect of a certain variable (or parameter) on the exhaust
emissions and pollutants in HNG–diesel Tri-fuel engines. Therefore, this is the apt time to
prepare a review study summarizing the latest findings of the HNG–diesel engine studies
in terms of exhaust emissions. This study will be a summary showing the interrelationship
between the influences and emotions results in HNG–diesel engines to serve as a guide for
researchers and companies to use.

The primary goal of this research is to review studies related to the use of hydrogen-
enriched natural gas (HNG) in diesel engines, besides the studied cases on dual-fuel
modes, even though diesel–H2 or diesel–NG. This literature review primarily examines
how engine operating parameters and fuel blends affect emission characteristics. The
research methodology includes summarizing the impacts of engine design, operating
conditions, fuel mixing ratios, and supply techniques on CO, CO2, NOx, and HC emissions
individually.
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2. Emission Characteristics

Engine emissions that have been analyzed in this review study are carbon monoxide
(CO), carbon dioxide (CO2), Hydrocarbons (HC), nitrogen oxide (NOx), and particulate
matter (PM). Engine details, operation conditions, and fuel blends for the cited studies
have been detailly included in Table 1.

2.1. Carbon Monoxide (CO)

Carbon monoxide (CO) is a product of incomplete combustion of hydrocarbon fuel.
The mean causes of CO generation are suddenly too low reaction mixture temperature,
sudden lag of oxidant [44], too short reaction time, incomplete combustion [45,46], rich air–
fuel mixture, lean mixture at low combustion temperature, high C/H of fuel [44,47,48], and
trapped of fuel in crevices [28,49]. Moreover, HRR [50], air–fuel mixture homogeneity [51],
air–fuel ratio [45,46,52], charge temperature [53], and injection configuration inside the
combustion chamber also directly affect CO emissions [54]. Figure 1 displays the findings
of some researchers regarding the results of CO emissions relative to some influences like
HNG–diesel fuel blends, engine speed, load and compression ratio, exceeds air ratio, diesel
injection pressure and timing, and intake temperature.

Arslan and Kahraman [55] found that CO emissions were significantly higher at
1500 rpm for [diesel + (500 g/h) NG], [diesel + (500 g/h) (90%NG + 10%H2)], and
[diesel + (500 g/h) (80%NG + 20%H2)] compared to other mixtures. At 30.61 Nm load, CO
emissions for [diesel + (500 g/h) NG] were 13% and 27% difference from [diesel + (500 g/h)
(90%NG + 10%H2)] and [diesel + (500 g/h) (80%NG + 20%H2)], respectively. The lowest
CO emissions were observed with [diesel + (250 g/h) NG]. Higher CO emissions were
linked to a 500 g/h flow rate and 20% H2 addition due to ignition delay and incomplete
combustion. This trend was consistent at both 1500 and 1750 rpm, though other emissions
were lower.

Zhou et al. [56] observed that CO emissions, a result of incomplete CH4 combustion
in diesel-CH4 operation, increased sharply to 3.1, 4.5, 5.7, 5.6, and 4.1 times higher than
diesel fuel across five loads. Despite improved combustion efficiency at 70–90% engine
loads, CO emissions remained high. In contrast, CO emissions from diesel–H2 operation
decreased to 0.6, 0.5, 0.6, 0.6, and 0.7 times those of diesel due to hydrogen’s substitution
of carbon content. Akansu et al. [57] noted that adding hydrogen to methane reduces
incomplete combustion and CO emissions, which decrease further with higher hydrogen
fractions. For five loads, CO emissions for 100%CH4, 30%H2–70%CH4, 50%H2–50%CH4,
70%H2–30%CH4, and 100% H2 were 4.58, 3.92, 3.50, 2.94, and 0.74 times that of diesel.
Using 70%H2–30%CH4 reduced CO emissions by 35.8% compared to diesel–CH4. Schefer
et al. [58] observed that adding hydrogen to methane increased OH, H, and O radicals,
enhancing lean-burn methane combustion stability and reducing CO emissions.

Alrazen et al. [59] found that CO emissions are mainly controlled by the excess air
factor (λ). In the CNG–diesel mode, CO is a byproduct of incomplete combustion, and its
mass fraction decreased from 0.0379 to 0.019 as λ increased from 1.2 to 2.4. In H2–diesel
mode, the CO mass fraction fell from 0.000338 to 0.000284 over the same λ range. The
primary factor in reducing CO emissions is substituting hydrogen for diesel’s carbon
content. Adding hydrogen to CNG extends the flammability range and reduces incomplete
combustion, thus lowering CO emissions. In H2–CNG-diesel mode, the CO mass fractions
for various H2–CNG mixtures (0.037 for CNG, 0.022 for 70%CNG + 30%H2, 0.0155 for
50%CNG + 50%H2, 0.009 for 30%CNG + 70%H2, and 0.0003 for H2) decrease with increasing
λ. Schefer et al. [58] observed that hydrogen addition increases OH, H, and O radicals,
enhancing lean-burn methane combustion stability and reducing CO emissions.

Arat et al. [60] studied the effects of using 30% H2 in HCNG at various CNG rates on
a Tri-fuel diesel engine. They found that CO emissions were significantly higher in the
Tri-fuel mode. A 75% diesel, 7.5% H2, and 17.5% CNG mixture increased CO emissions by
12%, while a 50% diesel, 15% H2, and 35% CNG mixture increased CO emissions by 8%.
The rise in CO emissions was primarily due to incomplete combustion of CNG, especially
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with lower hydrogen content and the amount of pilot diesel used. Reducing the pilot diesel
fuel could help lower CO emissions.

Tangöz et al. [61] conducted an experimental study on the effects of compression ratio
(CR) and excess air factor (λ) on the performance and exhaust emissions of an HCNG–diesel
engine. They found that when λ exceeds 1.1, CO values are below the Euro-VI standard
(4.0 g/kWh) [62]. Increasing λ significantly reduced CO values at a constant CR. The lowest
CO values were observed with a CR of 12.5 and λ below 1.1. The impact of higher H2
content in the HCNG mixture on CO emissions was unclear [61].

Benbellil et al. [63] found that CO emissions are higher for HNG–diesel than diesel
alone. Increasing H2 content in HNG at low to intermediate loads raises CO emissions
due to lean mixtures reducing combustion efficiency. A 50% H2 mixture increases CO by
55%, 26%, and 34% at 80%, 60%, and 20% engine loads, respectively. Higher hydrogen
content improves combustion efficiency, converting CO to CO2 and reducing CO emissions.
Combining hydrogen with methane extends methane’s flammability range and enhances
lean-burn combustion stability, lowering CO emissions.

Quadri et al. [64] observed the highest CO emissions in pure diesel mode compared
to HCNG mixtures. CO emissions decreased with HCNG mixtures due to lower carbon
content and better combustion efficiency, increasing oxygen fraction and promoting CO
oxidation. At 220 bar, improved fuel–air mixing reduced CO emissions but at 240 bar,
emissions increased due to poor mixing and insufficient combustion time. The highest
CO emissions (0.075% by volume) were at 200 bar in pure diesel mode, while the lowest
(0.023%) were at 220 bar with a 20% HCNG substitution.

De Simio and Iannaccone [65] found that CO emissions were higher for tri-fuel cases
compared to full diesel (FD), but advancing diesel pilot injections reduced CO emissions.
Early pilot injection (SOPI) led to stable, low CO levels similar to those with advanced
injection timing and conventional combustion. Advancing injection timing increases com-
bustion temperatures, improving oxidation but potentially causing incomplete combustion
if too advanced, as seen in DF–CNG points with 50 Nm at earlier SOPI.

Tutak et al. [66] showed that adding H2 to compressed natural gas (CNG) speeds up
combustion in dual-fuel engines, improving efficiency by reducing heat loss. However,
exceeding 20% hydrogen energy fraction increases cylinder pressure and combustion
instability. Switching from pure diesel to gaseous fuel significantly reduced CO emissions
from 1.8% to 0.08%, with H2 replacing CNG having no significant impact on CO emissions.

Mansor et al. [67] reported peak CO increases of 800% for 40% diesel, 660% for 50%
diesel, and 520% for 60% diesel in diesel-CH4 operations. CO emissions rise with higher
methane content due to its slow flame speed but decrease with more hydrogen, which
enhances methane’s flammability and reduces CO emissions. Diesel combustion results in
low CO2 and CO emissions, further reduced by adding hydrogen. Higher diesel fractions
might reduce CO emissions due to CO2 dissociation into CO at high hydrogen content.

Mansor et al. [68] noted that CO formation indicates incomplete combustion due to
poor mixing, slow flame speed, and dissociation. Pure diesel had a CO mass fraction
of 0.004 while adding methane (60D–40CH4) raised it to 0.025. Reducing methane and
adding hydrogen decreased CO peaks to 0.024, 0.015, 0.013, and 0.006 for 28%, 20%,
12%, and 0% methane, respectively. Higher intake temperatures increased CO peaks but
shortened formation duration. Methane’s slower flame speed causes higher CO, mitigated
by hydrogen’s faster flame speed, with CO peaks initially rising with methane but dropping
with more hydrogen.

Zhao et al. [69] found that increasing the proportion of H2 reduces CO production in
a naturally aspirated engine. Higher H2 levels lead to lower CO emissions as the engine
power increases, primarily because H2 combustion only produces water, unlike diesel and
methane, which emit CO and CO2. Replacing some natural gas with hydrogen can thus
reduce greenhouse gas emissions.

Ekin et al. [70] showed that adding H2 to an NG–diesel dual-fuel engine significantly
decreases CO emissions by 86% in Mode 1 and 80% in Mode 2. Hydrogen’s high combus-
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tion efficiency and rapid flame speed enhance the overall combustion process, reducing
incomplete combustion and CO emissions.

Lounici et al. [71] observed that CO emissions are generally reduced by enriching NG
with H2 due to improved fuel utilization and combustion.

Reddy et al. [72] found that H2-enriched CNG–diesel dual-fuel engines produce lower
CO emissions across all engine compression ratios (CRs). CO emissions decrease as CR
increases, with significant reductions noted at higher H2 percentages in the HCNG mixture.
The CO emission values of 42.6, 41, 40, 43.5 and 38.3 g/kW-h, respectively, for 5%, 10%,
15% and 20%H2 in HCNG mixture at CR of 16.5 compared to 109.3 g/kW-h with the
diesel–CNG dual-fuel mode.

Luo et al. [73] noted that switching from 100% diesel to a mix of 80%diesel and 20%H2
slightly decreases CO emissions while switching to 50%diesel and 50%NG slightly increases
CO due to NG’s slower flame speed. Adding H2 to a diesel-NG mix at 100% engine load
reduces CO emissions by 17.1%.

Pichayapat et al. [74] reported a 12.97% reduction in average CO emissions with a
diesel-HCNG dual-fuel mode compared to pure diesel, except at low engine speeds where
emissions were similar.

Cameretti et al. [75] found that CO emissions increased from 226 ppm in a H2–diesel
scenario to 860 ppm with CH4–diesel due to incomplete CH4 combustion, which is more
prevalent with less H2. H2 improves combustion efficiency and reduces carbon-based
emissions, but less H2 leads to higher CO emissions due to less efficient combustion.

Yin et al. [76] investigated diesel–CH4–H2 Tri-fuel engine combustion and emissions.
They studied three scenarios: (1) 1200 rpm, 0–60% H2, 108 kPa, 7 BTDC; (2) 1500 rpm,
0–60% H2, 108 kPa, 12 BTDC; (3) 1200 rpm, 0–60% H2, 120 kPa, 7 BTDC. CO emissions
stemming from incomplete combustion were highest in Case 3 due to lower combustion
temperatures. Increasing the hydrogen energy fraction (HEF) reduced CO emissions,
especially in Case 2, due to lower methane content and higher in-cylinder temperatures
enhancing CO oxidation.
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emissions versus diesel–hydrogen–methane mixture combinations [67]. (b) CO emissions versus
engine speed for various diesel–CNG-H2 fuel blends [60]. (c) CO emissions with a range of engine
loads and fuel mixtures [73]. (d) CO emissions peak with various exceeds air ratios and fuel mix-
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Summary of CO Findings

The summary of carbon monoxide (CO) emissions, their causes, and solutions high-
lights several key points:

• Different fuel mixtures affect CO emissions differently. Higher NG content can increase
CO levels due to longer ignition delays, while hydrogen reduces CO emissions by
substituting carbon, improving combustion efficiency, flame speed, and oxidation
rates. The impact of fuel mixtures is shown in Table 1 and Figure 1a;

• CO emissions generally rise with engine speed (Figure 1b) and decrease with engine
load (Figure 1c) under stable conditions. Variations are summarized in Table 1;

• Increasing the excess air factor (λ) reduces CO emissions by improving combustion, as
shown in Table 1 and Figure 1d;

• Higher compression ratios (CRs) enhance fuel-air mixing and reduce CO emissions,
although excessively high CRs can worsen mixing and increase CO emissions. Effects
are detailed in Table 1 and Figure 1e;

• Injection Timing and Pressure: Advanced injection timing improves combustion
and reduces CO, though too early timing can increase CO. Increased diesel injection
pressure initially decreases then increases CO due to its effect on air–fuel mixing and
combustion, as shown in Table 1 and Figure 1f,g;

• CO emissions vary with fuel composition. Hydrogen-enriched fuels typically produce
lower CO emissions compared to pure diesel or NG;
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• Techniques like low-temperature combustion (LTC) and adjusting intake temperature
can reduce CO emissions by improving fuel-air mixing and combustion efficiency.

In summary, reducing CO emissions involves optimizing combustion processes, en-
hancing fuel properties, and refining engine design. Strategies like hydrogen enrichment,
advanced injection timing, and improved engine conditions are crucial but require more
comprehensive research, especially for HNG–diesel Tri-fuel engines.

2.2. Carbon Dioxide (CO2)

In an IC engine, carbon dioxide (CO2) is primarily formed through the combustion pro-
cess when hydrocarbon fuels react with oxygen in the air. This combustion reaction results
in the oxidation of carbon (C) in the fuel, forming CO2, and the oxidation of hydrogen (H) in
the fuel, forming water vapor (H2O). These reactions occur within the combustion chamber
of the engine at high temperatures and pressures [77]. The main significant influencers on
the CO2 emissions are air–fuel ratio [78,79], fuel injection timing [45,52,80–82], fuel injection
pressure [81,83], in-cylinder temperature besides the carbon content of the fuel [28], com-
pression ratio [84,85], engine speed [52,80,82,86], engine load [45,52,80–82,84,87], and fuel
composition and share percentage [45,52,80,82,84,86,87]. Figure 2 illustrates the findings
of some researchers regarding the results of CO2 emissions relative to some influences,
including HNG–diesel fuel blends, engine speed and load, exceeds air ratio, and diesel
injection timing.
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Arslan and Kahraman [55] reported that CO2 emissions increased with rising fuel
consumption and engine load. However, CO2 levels were lowest at both 1500 and 1750 rpm
and all load conditions for a diesel (500 g/h) + (90%NG + 10%H2) mixture, indicating better
combustion with this fuel mix.

Alrazen et al. [59] found that in the CNG–diesel mode, CO2 decreased progressively
with higher excess air (λ) levels, from 0.0695 at λ 1.2 to 0.0331 at λ 2.4. For diesel–H2
operation, CO2 decreased from 0.000494 to 0.000476 at these λ levels. CO2 reductions
were notable with CNG, 30%H2–70%CNG, 50%H2–50%CNG, 70%H2–30%CNG, and pure
H2 added to diesel, with 70%H2–30%CNG showing the greatest reduction. Hydrogen
addition to CNG consistently reduced CO2 emissions and formation regions due to lower
carbon content.

Arat et al. [60] observed that fuel mixtures of 75% diesel—17.5% CNG—7.5% H2 and
50% diesel—35% CNG—15% H2 reduced CO2 by 11.4% and 16.7%, respectively, compared
to diesel alone. This reduction is attributed to methane’s incomplete combustion and lower
carbon content when using H2 and CNG.

In Benbellil et al. [63], at low loads (20–40%), CO2 emissions from NG and diesel
are similar due to limited gaseous fuel use. At higher loads, increasing NG reduces CO2
emissions by up to 20% at 80% engine load compared to diesel. This is because NG, mainly
composed of CH4, has a lower carbon content. Adding hydrogen (H2) to NG further
decreases CO2 emissions, with a 50% H2 mixture reducing emissions by 43% compared
to diesel and 28% compared to pure NG. The study shows a linear decrease in CO2 with
higher H2 proportions in HNG mixtures.

De Simio and Iannaccone [65] found that CO2 emissions are always lower in dual-fuel
cases than in a diesel mode, though equivalent CO2 can be higher. The lowest values
were obtained at medium and low loads using the LTC combustion regime. Without post-
treatment, equivalent CO2 was close to diesel at 100 Nm for [PD + (75%CNG + 25%H2)].
The method of H2 production is critical for effective CO2 reduction.

Tutak et al. [66] realized that switching from diesel to gaseous fuel reduced CO2
emissions by 6.47% to 9.16%. Replacing CNG with H2 further decreased CO2 emissions,
with a 21% H2 energy fraction leading to a 20% reduction due to substituting carbon fuel
with hydrogen.

Zhao et al. [69] observed that CO2 production decreases as the hydrogen fraction
increases. In naturally aspirated engines, the lambda parameter decreases with increasing
power. CO2 emissions are complex but highest when using 100% CH4. Higher hydrogen
content significantly reduces CO2 emissions, which is crucial for low-carbon shipping, as
hydrogen produces only water upon burning. Replacing some natural gas with hydrogen
cuts greenhouse emissions.

Lounici et al. [71] found that using natural gas in dual-fuel engines reduces CO2 emis-
sions, and adding hydrogen, a carbon-free fuel, further lowers CO2 emissions. However,
better combustion can sometimes increase CO2 emissions by converting CO to CO2, but
overall emissions remain similar to natural gas dual-fuel.

Luo et al. [73] detected that switching from 100% diesel to a mix of 80% diesel and
20% hydrogen significantly reduces CO2 emissions, while a mix of 50% diesel and 50%
natural gas slightly increases them. Increasing hydrogen content in HNG–diesel Tri-fuel
significantly decreases CO2 emissions, especially at high engine loads.

Cameretti et al. [88] showed that using hydrogen and methane blends in a diesel
engine significantly reduces CO2 emissions due to hydrogen’s carbon-free nature and high
combustion efficiency.

Cameretti et al. [75] found that using hydrogen in a medium-speed marine engine
reduces CO2 emissions by up to 54%, meeting strict greenhouse gas requirements.

Summary of CO2 Findings

The key points of carbon dioxide (CO2) emissions findings could be summarized as:
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• Blending hydrogen with diesel or natural gas (NG) lowers CO2 emissions compared
to using pure fuels, as illustrated in Table 1 and Figure 2a;

• Hydrogen in fuel blends improves combustion efficiency and produces only water
vapor, eliminating CO2 emissions from carbon-based fuels;

• CO2 emissions vary with engine load and speed. At low loads, hydrogen and NG
blends reduce CO2 more than diesel, while at higher loads, these blends may increase
CO2 emissions due to greater fuel consumption, as shown in Table 1 and Figure 2c.
Engine speed generally reduces CO2, as indicated in Table 1 and Figure 2b;

• Low-temperature combustion (LTC) and optimized combustion parameters (air–fuel
ratio, injection timing) can further reduce CO2 emissions. Advancing diesel injection
timing and using leaner mixtures lower CO2, as summarized in Table 1 and shown in
Figure 2d,e.

Overall, hydrogen-enriched fuel blends present a promising method for reducing
CO2 emissions from internal combustion engines. However, there is a need for more
comprehensive studies on these effects and strategies, as current research is limited.

2.3. Hydrocarbons (HC)

Hydrocarbon emissions stem from unburned fuels due to insufficient temperatures
near the cylinder wall, where the air–fuel mixture is cooler than at the cylinder center [89–
91]. These emissions comprise various species like alkanes, alkenes, and aromatics, usually
measured as CH4 equivalents [90,92]. Diesel engines typically produce low hydrocarbon
levels, especially under light loads due to lean air–fuel mixing. In lean mixtures, slow
flame speeds can prevent complete combustion during the power stroke, leading to higher
hydrocarbon emissions [90,93]. Factors such as fuel type, engine tuning, and design
influence diesel hydrocarbon content, with irregular operating conditions further affecting
emissions. Rapid engine speed changes, improper injection, large nozzle cavity volumes,
and injector needle bounce can cause unburned fuel to enter the exhaust [90,94]. If the
exhaust temperature exceeds 600 ◦C and oxygen is present, hydrocarbons continue reacting,
reducing tailpipe emissions compared to those exiting the cylinder [90,95]. Hydrocarbons
are emitted not only from vehicle exhaust but also from the crankcase, fuel system, and
atmospheric venting during fuel handling [90,95]. Crankcase and evaporative emissions
contribute 20–35% and 15–25%, respectively, while tailpipe emissions account for 50–60%
of total hydrocarbon emissions [90,96]. Figure 3 illustrates some researchers’ findings on
HC emissions, considering various factors such as HNG–diesel fuel blends, engine speed,
load and compression ratio, excess air ratio, diesel injection pressure and timing, and intake
temperature.

Arslan and Kahraman [55] observed that HC emissions decreased with increasing
engine load. The highest HC emissions occurred with [diesel (500 g/h) + (90%NG +
10%H2)] at 1500 rpm, while the second highest was with [diesel (500 g/h) + (80%NG +
20%H2)] due to incomplete combustion of the increased NG. Increasing the speed to 1750
rpm reduced HC emissions, with a 67% decrease for [diesel (250 g/h) + (80%NG + 20%H2)]
at 40.81 Nm load due to better combustion.

Zhou et al. [56] realized that HC emissions for CH4, 70%CH4 + 30%H2, 50%CH4 +
50%H2, 30%CH4 + 70%H2, and H2 were 12.0, 10.3, 9.0, 7.7, and 0.8 times higher than diesel,
respectively. At 10, 30, and 50% loads, these values averaged 6.7, 4.8, 2.6, 1.6, and 0.8.
Diesel–CH4–H2 fuels produced 14.6–76.8% lower HC emissions than diesel–CH4 fuels,
with greater reductions at higher loads. Adding H2 to CH4 improved HC emissions by
enhancing CH4 combustion efficiency and reducing unburned CH4.
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Figure 3. HC results in previously accomplished studies. (a) UHC pollutant versus hydrogen
percentages in diesel-hydrogen-methane mixture [88]. (b) HC emissions are related to engine speeds
and various fuel mixtures [97]. (c) Total HC (C1) emission related to engine BMEP with various
hydrogen-methane adding [56]. (d) THC emission values versus excess air ratios and H2-CNG
blends [61]. (e) THC emissions values vs. excess air ratios with different compression ratios and
H2-CNG blends [61]. (f) UBHC emissions related to engine compression ratios and fuel blends,
according to Reddy et al. [72]. (g) THC emissions related to SOPIs at 100 and 50 Nm in full diesel (FD)
and dual-fuel (DF) modes with different MFs [65]. (h) HC emissions with 1200 rpm engine speed
and various diesel injection pressures [97]. (i) UHC emissions related to injection operation pressures
(IOPs) and HCNG substitutions [64]. (j) Trade-off between THC and NOx in low-temperature
combustion (LTC) regime [65].
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Zareei et al. [97] reported that diesel engines emit more HC than HCNG engines due
to incomplete combustion. HCNG with hydrogen increases combustion temperatures,
reducing HC emissions. Higher engine speeds and injection pressures further decrease HC
emissions, with 40% hydrogen content in HCNG showing significant reductions compared
to pure diesel and hydrogen-free CNG.

Tangöz et al. [61] detected a decrease in THC emissions between λ of 1.1 and 1.15, then
an increase beyond 1.15. THC emissions were below the Euro-VI standard [62], which is
0.5 g/kWh for a gaseous fuel engine. Emissions were 0.26–0.39 g/kWh for various diesel–
CNG and diesel–H2–CNG blends at λ of 1.15. Higher compression ratios increased THC
emissions due to more unburned gas in the combustion chamber. The effect of hydrogen
on THC emissions remains unclear.

Benbellil et al. [63] found that adding H2 to NG in dual-fuel (DF) mode increases HC
emissions at low engine loads compared to pure NG. At 20% load, HC emissions were
15% higher with a 50% H2 mix than with pure NG. However, as engine load increases, HC
emissions decrease, with a 50% H2 mix reducing HC emissions by 45% at 80% load.

Quadri et al. [64] noticed that increasing hydrogen in HCNG reduces unburned
hydrocarbons (UHC) due to higher brake thermal efficiency (BTE). At 220 bar, 10% and
20% HCNG mixes showed minimal UHC due to faster combustion, though UHC slightly
increased at 240 bar.

De Simio and Iannaccone [65] found that a very lean air/gaseous fuel mixture in-
creased THC emissions despite excess oxygen. Increasing injection advance raises combus-
tion temperature, improving oxidation until LTC mode stabilizes emissions. Higher H2
content reduced THC emissions more effectively than CNG substitution, likely due to more
complete combustion from H2’s lower ignition energy at both medium and low loads.

Tutak et al. [66] realized that switching from diesel to compressed natural gas (CNG)
increased THC emissions by 2.5 times due to the “crevice effect”, where unburnt gaseous
fuel remains in small combustion chamber gaps. Adding hydrogen (H2) to CNG speeds up
gas combustion in a dual-fuel engine, reducing heat loss and improving efficiency. With a
19% H2 energy fraction, THC emissions drop to about 100 ppm, comparable to conventional
engines. However, exceeding 19% H2 causes a slight increase in THC emissions due to
combustion instability and knocking.

Ekin et al. [70] found that HC emissions were significantly influenced by fuel compo-
sition and injection timing. Adding hydrogen to a natural gas–diesel dual-fuel mixture
greatly reduced HC emissions. This reduction is due to hydrogen’s higher flame speed and
wider flammability limits, which enhance combustion and reduce unburned hydrocarbons.
In Mode1 ([25% diesel + (65%NG + 10%H2)]), an 89% reduction in HC emissions was
achieved with a 50% natural gas and 25% hydrogen mixture at 14◦ CA BTDC. In Mode2
([25% diesel + (75%NG + 20%H2)]), a 76% reduction was achieved with 75% natural gas
and 15% hydrogen. The improvements are due to hydrogen ensuring more complete
combustion and reducing areas where combustion does not occur.

Lounici et al. [71] observed that THC emissions follow the same trend as CH4 emis-
sions in NG-diesel dual-fuel mode since THC emissions are mainly CH4. The pilot fuel’s
contribution to THC emissions is minimal. Adding H2 to NG reduces THC emissions
by improving combustion and decreasing NG presence in H2–NG blends. However, the
reduction in mixture proportions makes the impact of H2 enrichment on THC reduction
less clear.

Reddy et al. [72] found that diesel–CNG dual-fuel enriched with H2 emits slightly
lower UBHC emissions than diesel–CNG dual-fuel alone due to an improved burn-up
rate. UBHC emissions decrease with increasing compression ratio (CR) in both engine
operations. For example, UBHC emissions at a CR of 16.5 are 0.8, 0.85, 0.88, 0.92, and
0.76 g/kW-h for 5%, 10%, 15%, 20%, and 25% H2 in HCNG mixture, respectively, compared
to 0.952 g/kW-h for diesel–CNG dual-fuel mode.
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Pichayapat et al. [74] realized that the average HC emissions significantly decreased
by 15.84% across all engine speeds (from 800 rpm to 4000 rpm) when operating under
diesel-HCNG dual-fuel mode compared to running on diesel alone.

Cameretti et al. [88] found that reducing hydrogen (H2) in the fuel mixture increased
hydrocarbon (HC) emissions due to more unburned methane. With 100% hydrogen and
diesel, HC emissions were lower as the only carbon source was diesel. Higher methane
content led to incomplete combustion, lower temperatures, and thus higher HC emissions.

Cameretti et al. [75] observed that increasing hydrogen in the methane-hydrogen blend
decreased unburned hydrocarbon (UHC) emissions in a medium-speed marine engine.
This reduction is due to hydrogen’s higher reactivity and burning velocity, improving
combustion and reducing unburned fuel.

Summary of HC Findings

Based on extensive studies on hydrocarbon (HC) emissions in combustion processes
across various fuels and conditions, several key conclusions emerge:

• In Table 1 and as could be seen in Figure 3b,c, HC emissions decrease with increased
engine speed and load, improving combustion efficiency;

• As can be noted in Table 1 and seen in Figure 3a, higher natural gas (NG) content
often increases HC emissions, but hydrogen (H2) addition generally reduces them by
promoting a more complete combustion;

• Better combustion efficiency, aided by faster flame propagation and enhanced oxida-
tion, lowers HC emissions. Hydrogen enrichment and combustion stability are crucial
for this;

• From Figure 3h, higher injection pressures usually reduce HC emissions by improving
fuel atomization, though excessive pressure can affect air–fuel mixing and lead to
varying HC levels (Figure 3i). Optimal injection timing enhances combustion efficiency
and controls HC levels (Figure 3g);

• Higher CRs generally reduce HC emissions by improving fuel-air mixing (Figure 3f),
though excessively high CRs can worsen mixing and increase emissions (Figure 3e);

• HC emissions generally decrease with a higher excess air factor (λ) (Figure 3d), indi-
cating better combustion. However, in some engine designs and fuel mixtures, further
increasing λ can slightly raise HC emissions;

• Adding hydrogen reduces HC emissions (Figure 3a), especially at low engine loads,
though its effect depends on operating conditions and fuel composition;

• Different combustion modes and techniques, such as low-temperature combustion and
dual-fuel operations, affect HC emissions. Advanced injection timing and techniques
improve efficiency and reduce HC formation (Figure 3j);

• Higher exhaust gas temperatures and leaner mixtures generally lower HC emissions
by promoting better combustion.

In summary, controlling HC emissions involves optimizing fuel composition, injection
timing, compression ratio, and combustion efficiency. Effective strategies include hydrogen
enrichment, advanced combustion techniques, and fine-tuning engine conditions. Further
research is needed to enhance combustion efficiency and reduce HC emissions.

2.4. Nitrogen Oxide (NOx)

Nitrogen oxide (NOx) is a grouped emission comprising approximately 90% nitrogen
monoxide (NO) and the rest of nitrogen dioxide (NO2). The formation of NO in the
combustion involves five typical mechanisms, namely thermal NO, prompt-NO, oxidation
of HCN, oxidation of HNCO, and the N2O and NNH mechanisms [98]. According to Wei
and Geng [28], in the thermal mechanism, the formation of NO is affected by in-cylinder
temperature and O2 concentration. NO formation takes place when the temperature is
higher than about 1800 K and the formation rate increases together with increasing of
in-cylinder temperature. In the prompt mechanism, nitrogen monoxide (NO) is generated
through a process instigated by intermediate hydrocarbon fragments, notably CH and



Energies 2024, 17, 3862 14 of 32

CH2, which arise from fuel combustion. These fragments interact with nitrogen (N2)
within the combustion chamber, resulting in the formation of compounds containing both
carbon and nitrogen (C–N). Following this, these C–N-containing compounds undergo
reactions with oxygen (O2) via diverse pathways, ultimately resulting in the generation
of NO [28]. Figure 4 depicts some research findings regarding NOx emissions, taking into
account several variables, including blends of HNG–diesel fuel, engine speed, load and
compression ratio, excess air ratio, diesel injection pressure and timing, as well as intake
temperature.
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Arslan and Kahraman [55] found that low temperatures resulted in low NOx emissions
at 1500 and 1750 rpm and no-load conditions. The lowest NOx emissions were observed
with [diesel + (500 g/h) NG] at high engine loads, with a slight decrease in NOx levels as
rpm increased. High NOx emissions persisted for [diesel + (500 g/h) NG], [diesel + (500 g/h)
(90%NG + 10%H2)], and [diesel + (500 g/h) (80%NG + 20%H2)], especially at high loads, with
a 13% increase at 1750 rpm for [diesel + (500 g/h) (80%NG + 20%H2)].

Zhou et al. [56] reported that a diesel–CH4 mixture decreased NOx by 8.0% and 8.9%
at 10% and 30% loads but increased by 10.7% and 32.6% at 70% and 90% loads compared
to diesel alone. With diesel–H2, NOx emissions rose due to higher in-cylinder pressure and
combustion temperatures, increasing by 16.8%, 38.1%, and 50.2% at 50%, 70%, and 90%
loads. Law and Kwon [99] noted that CH4 lowers H2–air flame temperatures, reducing
NOx formation. Zhou et al. [56] found that [diesel + (30%H2 + 70%CH4)] emitted 14.1%,
16.5%, and 46.4% less NOx than diesel, [diesel + CH4], and [diesel + H2], respectively,
across five loads. Increasing H2 in H2–CH4 mixtures raised NOx levels due to higher
burning rates.

Alrazen et al. [59] found that [diesel + (30%H2 + 70%CNG)] had lower NO emissions
than [diesel + (50%H2 + 50%CNG)], [diesel + (70%H2 + 30%CNG)], and diesel-H2 at
all excess air ratios (λ). At λ = 1.2, NO increased with H2 addition: 1.67*10ˆ−6 (CNG),
0.00088 (30%H2 + 70%CNG), 0.0034 (50%H2 + 50%CNG), 0.01 (70%H2 + 30%CNG), and
0.0131 (H2). Similar trends were observed at λ = 1.4, 1.8, 2, 2.2, and 2.4. H2 increased the
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air–fuel mixture burning rate, raising NO emissions, with peak NO values rising as the H2
fraction increased. Methane can lower H2–air flame temperatures, reducing NO formation.

Arat et al. [60] found that using a 30% H2 mixture in H2–CNG fuels significantly
reduces NOx emissions. Fuel mixtures of [(75% diesel) + (17.5% CNG + 7.5% H2)] and [(50%
diesel) + (35% CNG + 15% H2)] resulted in 28% and 47.2% NOx reduction, respectively,
due to the slower flame speed and longer ignition delay of CNG.

Zareei et al. [97] noted that nitrogen oxides are a major concern for CNG and HCNG
fuels compared to diesel. Adding hydrogen to CNG reduces carbonyl emissions but
increases NOx emissions by 16.25% compared to diesel and 9.95% compared to regular
CNG due to higher combustion temperatures. Higher injection pressures (40:1 ratio) also
correlate with increased NOx emissions.

Tangöz et al. [61] realized that the maximum NOx values of 18, 19.8, 21.5, and
25.5 g/kWh for CNG and various H2–CNG mixtures (5%, 10%, 20% H2) at λ of 1.15 and CR
of 9.6. Higher CRs (12.5 and 15) and λ ratios (1.16 and 1.21) led to maximum NOx values
exceeding the Euro VI standard (0.4 g/kWh) [62] for a gas engine. NOx emissions increased
with more hydrogen due to higher flame temperature and speed but decreased with λ ratios
above 1.15 for all fuels. For (10% H2 + 90% CNG), NOx values were 4, 21.5, and 16.7 g/kWh
at λ of 0.96, 1.15, and 1.3 for CRs of 9.6, 12.5, and 15, respectively. Adding hydrogen to
CNG increases NOx emissions.

In Benbellil et al. [63], NOx emissions in dual-fuel operation were up to 60% lower
than in diesel and pure NG or HNG modes at low and moderate loads. At 20% engine load,
NOx emissions were 620, 470, and 390 ppm for diesel, pure NG, and 50% H2 blend modes,
respectively. This reduction is due to the lower combustion rate from the slow flame speed
of CNG, leading to longer ignition delay and lower combustion temperature. However,
NOx emissions were higher in DF mode, especially at high loads and with H2 addition, due
to improved combustion. Higher CH4 content in H2 mixtures led to greater NOx reduction.

Quadri et al. [64] found that increasing injection opening pressure to 220 bar raised
NOx emissions by 20.1%, 22.6%, and 27.06% for pure diesel, [pilot diesel + (90%CNG +
10%H2)], and [pilot diesel + (80%CNG + 20%H2)], respectively, compared to 200 bar. This
rise is due to the higher adiabatic flame temperature of H2. At 240 bar, NOx emissions
decreased by 15.4%, 20.8%, and 20.96% for the same mixtures compared to 220 bar.

De Simio and Iannaccone [65] observed significant NOx reductions at low engine load
for Tri-fuel compared to diesel mode. At medium load, NOx levels remained high despite
a reduction trend due to LTC, especially with higher H2 content. Advanced injection in
diesel mode increased temperature peaks and NOx emissions, similarly in Tri-fuel, but LTC
and higher advance injection reduced NOx close to zero at low load.

Tutak et al. [66] reported a 27% reduction in NOx emissions when switching from
diesel to CNG. Adding H2 increased NOx emissions due to higher combustion pressure
and temperature, crucial factors in NOx formation. The increase was highest with 19%
H2 content.

Mansor et al. [67] results show that NO emissions are higher in diesel-CH4 than in
diesel operation. Increasing H2 in H2–CH4 mixtures raises NO emissions, peaking with
diesel–H2. CH4 lowers combustion temperatures. NO emissions increased by 1500%, 400%,
and 100%, with 40%, 50%, and 60% diesel, respectively. Lower NO emissions occur with
[diesel + (70%CH4 + 30%H2)] than with diesel + H2. Diesel’s lower combustion temperature
restrains NO formation, while higher H2 content increases it. The equivalence ratio affects
NO, peaking at stoichiometric values. The highest ratios are with (50%H2 + 50%CH4), but
temperature is the dominant factor.

Mansor et al. [68] observed that at Ti = 303 K, NOx emissions were under 0.0002 for
baseline, [60%diesel + 40%CH4], and [60%diesel + (28%CH4 + 12%H2)]. Above 20% H2,
NOx exceeded 0.01, peaking at 0.033 for [60%diesel + 40%H2]. With 12% and 20% CH4 at
318 K, NOx was 0.001 to 0.004. At Ti > 338 K, only baseline fuel had NOx < 0.001; others
ranged from 0.005–0.048. NOx rises linearly with H2 content. Ti and H2 significantly affect
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NOx due to higher injected charge energy. NOx emissions increase with Ti, largest at 338 K.
H2’s higher specific energy and flame speed influence combustion more than CH4.

Zhao et al. [69] observed that increasing H2 levels raises NO emissions while lowering
NO2 emissions. NOx concentration rises with engine output but remains mostly unaf-
fected by varying H2 proportions. As output power increases, differences in NO emission
concentrations from different mixture ratios decrease. Higher temperatures increase NO
emissions. H2 affects NOx emissions by (1) raising cylinder temperature, which boosts
NOx production, and (2) shortening combustion time and producing water vapor, which
suppresses NOx production.

Ekin et al. [70] results show that NOx emissions increased by 12% and 11% in a
dual-fuel engine using hydrogen and natural gas for Mode 1 ([25%diesel + (50%NG +
25%H2)]), PDIT 14◦ BTDC) and Mode 2 ([25%diesel + (75%NG + 15%H2)]), PDIT 100 BTDC),
respectively. The rise is due to higher cylinder temperatures from hydrogen combustion.
To reduce NOx, the study suggests optimizing the hydrogen-to-natural gas ratio and
adjusting diesel injection timing. Mitigation methods include Exhaust Gas Recirculation
(EGR), various diesel injection strategies, and injecting water vapor. These strategies aim to
maintain high performance while reducing NOx emissions [70].

Lounici et al. [71] findings indicate that NOx emissions are lower in the NG–diesel
dual-fuel mode than in conventional diesel at low to moderate loads. Adding H2 to NG
slightly increases NOx emissions due to better combustion, but the effect is minimal due to
the low charge temperature at these loads.

Reddy et al. [72] observed that NOx emissions increase with higher cylinder compres-
sion ratios (CR). Due to in-cylinder temperature differences, CNG–diesel dual-fuel results
in lower NOx emissions compared to hydrogen addition. At a CR of 16.5, NOx emissions
were 112.3, 116.3, 121.6, 125.2, and 130.1 ppm for 5%, 10%, 15%, and 20% H2 in HCNG,
respectively, compared to 109.3 ppm for the diesel–CNG dual-fuel mode.

Luo et al. [73] found that switching from 100% diesel to dual-fuel (80% diesel + 20%
H2, 50% diesel + 50% NG) or Tri-fuel (50% diesel + 35% NG + 15% H2) modes increases
NOx emissions, except at 100% load. At 75% load, NOx emissions increased by 43.7%, 2.8%,
and 34.5% for the respective fuel mixtures. Higher H2 content raises NOx emissions due
to increased in-cylinder temperatures and faster combustion, enhancing NOx formation
during the premixed combustion stage. At high loads, NOx is concentrated at the bottom
and middle of the combustion chamber, while at low loads, it is mainly at the front.

Pichayapat et al. [74] findings indicated that switching from diesel to diesel–HCNG
fuel reduces average NOx emissions by 1.16%. NOx emissions rise at 1000–2500 RPM but
decrease at 2600–4000 RPM due to faster combustion reducing nitric oxide in the exhaust.

Cameretti et al. [88] results of the CFD analysis show that NOx levels drop as hydrogen
in the fuel mix decreases. NOx levels were recorded as 2.66, 2.16, 1.50, 1.96, and 0.45 units
for various hydrogen and CNG mixtures, with higher hydrogen content causing higher
combustion temperatures and NOx production.

Cameretti et al. [75] Numerical analysis on a marine engine shows NOx emissions rise
by up to 76% when hydrogen replaces methane due to higher combustion temperatures
and thermal diffusivity. This increase breaches NOx limits, indicating the need to balance
hydrogen content for optimal emissions reduction.

Yin et al. [76] reported that Increasing hydrogen energy fraction (HEF) from 0 to 10, 20,
40, and 60% raises NOx emissions in all scenarios. Higher HEF increases peak combustion
temperatures and residence times, leading to more NOx emissions.

Summary of NOx Findings

The reviewed studies provide a thorough understanding of NOx emissions and their
dependency on factors such as fuel composition, engine load, combustion temperature,
and equivalence ratio. Here is a summary:
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• Natural Gas (NG) and Diesel Blends: Mixing NG with diesel reduces NOx emissions
at low to moderate loads but increases them at higher loads, especially with more NG
(Figure 4a,c);

• Hydrogen (H2) Addition: Adding hydrogen raises NOx emissions due to higher
combustion temperatures and faster-burning rates, varying with hydrogen percentage
and blend components (Figure 4a);

• NOx emissions rise with engine load and speed, particularly with significant hydrogen
content. However, they vary based on fuel composition and combustion charac-
teristics at different loads (Figure 4b,c). One study shows a decrease in NOx with
increasing speed;

• Higher combustion temperatures, especially with hydrogen-rich fuels, increase NOx
emissions. Longer residence times also raise NOx levels with higher hydrogen fractions;

• Adjusting hydrogen-to-natural gas or diesel ratios and diesel injection timing can
mitigate NOx emissions. Lowering peak in-cylinder temperatures through combustion
parameter adjustments is effective (Figure 4f);

• Higher injection pressures generally increase NOx due to higher combustion temper-
atures (Table 1, Figure 4e,g). However, very high pressures may decrease NOx by
reducing combustion efficiency (Figure 4h);

• Adjusting the air excess ratio affects NOx formation, with peak NOx values increasing
and then decreasing as the ratio rises (Figure 4d);

• Many studies compare NOx emissions with Euro VI standards, indicating a need for
further reductions;

• Higher intake temperatures increase combustion temperatures, leading to higher NOx
emissions (Figure 4i).

Overall, while NG and hydrogen blends offer environmental benefits, managing NOx
emissions is challenging. Optimizing fuel composition, engine parameters, and combus-
tion characteristics is crucial for lower NOx levels and maintaining engine performance.
Recommended strategies include water vapor injection, EGR, and various diesel injection
techniques to improve emissions, including NOx. Further studies are needed to combine
these techniques for more effective NOx reduction.

2.5. Particulate Matter (PM)

In internal combustion (IC) engines, particulate matter (PM) emissions primarily con-
sist of smoke and soot particles. Smoke is composed of visible particulates larger than
1 micron in diameter, while soot consists of finer particles, typically less than 1 micron
in size [100]. These emissions are formed during the combustion process when fuel-rich
regions or incomplete combustion occur due to insufficient oxygen availability or improper
mixing of fuel and air [77,101]. Moreover, high sulfur content also can contribute to the for-
mation of PM emissions [102]. Soot particles are predominantly composed of carbonaceous
materials that aggregate to form larger particles that can be emitted as smoke. The forma-
tion of PM emissions is influenced by various factors such as engine operating conditions
(e.g., load, speed), fuel type and quality, combustion chamber design, combustion timing
and techniques, and after-treatment systems [103]. Effective control measures include
optimizing combustion parameters, improving fuel quality, employing particulate filters
or other exhaust treatment technologies, and using alternative fuels [103,104]. Figure 5
illustrates the conclusions drawn by various researchers on the impact of different factors
such as HNG–diesel fuel blends, engine speed, load, compression ratio, and diesel injection
timing on PM emissions.
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H2-CH4 addition on particulate emission with various BMEP [56]. (b) Soot emissions in various fuel
blends and engine speeds [97]. (c) Comparison of particulate matter (PM) emissions between diesel
and diesel blended with HCNG [74]. (d) Soot emission related to fuel blends and engine loads [73].
(e) Smoke emission related to compression ratios and used fuel blends based on [72]. (f) Impact of
SOPI on total particle number at 100 Nm in diesel, dual, and Tri-fuel modes with various blends [65].

Reddy et al. [72] reported that increasing hydrogen in fuel reduces smoke opacity
due to hydrogen’s cleaner combustion. Smoke opacity values for 5%, 10%, 15%, and
20% hydrogen additions are 26.33, 25.78, 25.37, 25, and 24.08 HSU, respectively, at a
16.5 compression ratio, compared to 27.2 HSU for diesel–CNG dual-fuel.

De Simio and Iannaccone [65] reached the fact that without advanced diesel injection,
most fuel in full diesel (FD) mode burned through diffusion combustion, unlike in dual-fuel
(DF) mode where gas was the primary fuel. With earlier injections, pre-mixed combustion
was dominant, reducing particle numbers (PN) to DF mode levels. Thus, both particle
number and mass in FD mode were much higher than in DF mode near the top dead center
(TDC). In DF mode, particle concentration was less affected by diesel injection timing due
to minimal diesel use, reducing diffusion flame.
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Ekin et al. [70] results show that by including hydrogen in the gas mixture, 78% and
84% improvement were achieved in soot emissions, respectively, with Mode1 (([25%diesel +
(50%NG + 25%H2)]) and PDIT of 140 BTDC), and Mode2 (([25%diesel + (75%NG + 15%H2)])
and PDIT of 100 BTDC) conditions.

Luo et al. [73] found that switching from 100% diesel to 80% diesel–20% H2, 50% diesel–
50% NG dual-fuel, or diesel–NG–H2 ternary fuel reduces soot emissions at medium and
high loads but increases soot emissions at low loads for 80% diesel–20% H2 and 50% diesel–
50% NG. Gas fuels affect soot formation through thermal effects, reaction rate changes, and
chemical interactions. Net soot formation is influenced by temperature-dependent rates
of soot initiation and oxidation. At low loads, reduced soot oxidation can lead to higher
soot emissions. Increasing the H2 ratio in 50% diesel–50% NG reduces soot, with 50%
diesel–35% NG–15% H2 lowering soot by 52.3%, 56.5%, and 54.5% at 25% load compared
to 100% diesel, 80% diesel–20% H2, and 50% diesel–50% NG.

Zareei et al. [97] detected that NG fuel and its H2 blends produce significantly less soot
than pure diesel. Diesel, with its lower self-ignition temperature and higher cetane number,
has a shorter ignition delay than HCNG, leading to higher soot levels due to insufficient
mixing time. HCNG, with 40% hydrogen, cut soot emissions by 73.24% compared to
diesel and by 7.09% compared to CNG. Tests at 1200 and 2400 rpm with various injection
pressures, maintaining a 40:1 AFR, showed that higher injection pressures reduce soot
emissions for all fuels.

Zhou et al. [56] found that adding hydrogen (H2) and methane (CH4) slightly increases
particulate emissions at low loads due to reduced local oxygen pressure and incomplete
diesel combustion. This trend is similar to hydrocarbon emissions. Replacing diesel with
H2 and CH4 reduces soot precursor formation and diesel particulates. At medium to high
loads (50%, 70%, 90%), particulate emissions decreased by 48.6% and 48.7% for diesel-H2
and diesel-CH4, respectively. Combining H2 and CH4 further reduces particulates, with
the best ratio at 70% H2–30% CH4. Hydrogen addition shifts methane oxidation to a lower
carbon pathway, reducing soot formation.

Pichayapat et al. [74] findings indicate that found that PM emissions dropped by
9.14% on average at speeds from 800 to 4000 rpm when using diesel with HCNG instead
of pure diesel. The study concludes that adding HCNG to diesel engines with minimal
pilot diesel significantly reduces emissions. It suggests HCNG is viable for diesel engines
with proper engine selection and HCNG diesel dual-fuel system design. Results show that
the HCNG–diesel Tri-fuel system can reduce emissions below EURO IV standards and
conventional diesel levels, with PM emissions specifically dropping by 9.14% across the
800 to 4000 rpm range.

Summary of Particulate Matter (PM) Emissions

Particulate matter (PM) emissions can be summarized as follows:

• Adding hydrogen (H2) to diesel–CNG fuel blends lowers smoke opacity (see Figure 5e)
due to hydrogen’s cleaner combustion. Smoke opacity decreased from 26.33 HSU at
5% H2 to 24.08 HSU at 20% H2, compared to 27.2 HSU for diesel–CNG dual-fuel [72];

• In full diesel (FD) mode without advanced injection, higher particle emissions occur
due to diffusion combustion. Dual-fuel (DF) mode, with gas as the primary fuel,
results in lower particle numbers (see Figure 5f). Early diesel injection in FD mode
reduces particle numbers to levels similar to DF mode, but particle mass and numbers
are highest near top dead center (TDC) injection timing [65];

• Blending diesel with hydrogen and methane affects soot emissions differently at
various loads. At medium and high loads, D80H20 and D50N50 blends reduce soot
emissions, but at low loads, they increase due to reduced soot oxidation rates (see
Figure 5d). Increasing hydrogen content in D50N50 decreases soot emissions, with
D50N35H15 reducing soot by over 50% at 25% load compared to pure diesel [73];

• Hydrogen–methane blends significantly reduce particulate emissions, especially at
medium to high loads, with reductions of over 48% (see Figure 5a). Higher injection
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pressures also reduce soot emissions consistently across different fuels and engine
speeds. HCNG blends, particularly with 40% hydrogen, significantly reduce soot
compared to pure diesel and CNG [56];

• The relationship between PM and engine rpm is complex, influenced by various
factors, as shown by differing behaviors of soot (see Figure 5b) and PM emissions (see
Figure 5c).

Overall, integrating HCNG as a supplementary fuel in diesel engines, with proper sys-
tem design, reduces particulate emissions below EURO IV standards, effectively mitigating
soot and other emissions under varied engine loads and conditions.

2.6. Summary of Emission Characteristics

Table 1 summarizes recent studies on H2–NG–diesel fuel mixtures and their effects
on engine exhaust emissions, detailing engine specifics, operating conditions, fuel com-
binations, and emission outcomes. The review focuses on how hydrogen enrichment in
natural gas affects emissions in HCNG–diesel Tri-fuel engines. Previous studies indicate
that natural gas with diesel increases CO and HC emissions but decreases NOx and CO2,
while hydrogen with diesel reduces CO, CO2, and HC but increases NOx. Combining
hydrogen and natural gas with diesel in Tri-fuel engines improves heat release, in-cylinder
pressure, and combustion, reducing CO, CO2, HC, and NOx compared to dual-fuel modes.
Emissions in HNG–diesel Tri-fuel engines are influenced by engine power, speed, load,
air–fuel ratio, excess air, fuel blends, compression ratio, intake temperature, fuel injection
pressure, and timing. Table 1 presents these research findings:

• CO Emissions: Lowest in diesel and diesel–H2 modes, highest in diesel-NG. Tri-fuel
mode sees CO decrease with more H2, load, power, and air–fuel ratio (λ) but increase
with intake temperature and NG. CO emissions vary with compression ratio (CR) and
fuel injection pressure;

• CO2 Emissions: Unstable in diesel mode, decrease in tri-fuel mode with more hydrogen
and λ, but increase with load and rpm. CR has a minor effect; CO2 generally rises with
output power;

• HC Emissions: Lowest in diesel and diesel-H2 modes, highest in diesel-NG. Tri-fuel
mode sees HC decrease with more H2, load, power, and λ but increase with intake
temperature and NG. HC emissions vary with CR and fuel injection pressure;

• NOx Emissions: Increase with load, H2, power, and intake temperature across all fuels,
generally rising with λ and rpm. CR and injection pressure affect NOx variably, with
some studies showing lower NOx at intermediate CR. High hydrogen content (70%
H2) reduces NOx at intermediate to high loads, whereas NG-only blends result in the
lowest NOx emissions;

• Studies show that hydrogen in fuel blends significantly reduces soot and particulate
emissions, improving combustion efficiency and reducing smoke opacity. Specific hy-
drogen, methane, and natural gas ratios in dual and ternary fuel systems significantly
cut particulate matter, especially at medium to high loads, though low loads may see
increased emissions due to reduced soot oxidation.

Overall, hydrogen-enriched fuel blends offer a promising solution to achieve lower
emissions and meet stringent environmental standards.
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Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. H: lowest, N: highest,
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5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing,
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

: highly decreasing,
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

: highly increasing,
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2:
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, ϕ: equivalent ratio, AC:
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number.

Ref Engine
Details

Engine Operation
Conditions

Fuel Number (Fn(1,2,. . .)) and
Combinations

Engine Exhaust Emissions Results

CO CO2 HC NOx Smoke, PM, PN, Soot

[55] 4S, DF, 3C, WC, CR =
22.8:1, DS = 1028 m3

1. Speed (rpm) (rpm) =
1500, 1750
2. Loads (Nm) = 0.0,
10.2, 20.41, 30.61,
and 40.81

1. DFM
2. PD + (250 g/h) NG
3. PD + (500 g/h) NG
4. PD + (250 g/h) [90% NG + 10%H2]
5. PD + (500 g/h) [90% NG + 10%H2]
6. PD + (250 g/h) [80% NG + 20%H2]
7. PD + (500 g/h) [80% NG + 20%H2]

N for F3, F5, and F7
with all loads and rpms.
⇔ for F2, F4, and F6,
while the H for F1 with
all rpms and loads.
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of load for all
fuels and rpm.
Approximately the
same for all fuels, rpm,
and loads except F5
show the H value, N for
F1 with 1750 rpm.
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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with all rpms and 
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⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
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⤊ with ⇧ of load 
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rpm, but ↓ at full 
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= 4334 cm3 

1. Speed (rpm) = 
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50, 70, and 90 
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▼ for F3 and F4 at 
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all fuels and rpm. N for
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all rpms and loads.
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3. PD + (30%H2 + 70%CH4) 
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with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

load from 10 to 30%
and then ⇑. H for F3
and F4 at 10% load, and
significantly N for F1 at
load 50 to 90%.
Approximately the
same with F2 to F6 at
50% load. At 70 and
90% load, same for F2
and F6, less and
continue
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[61] 

4S, Modified 
Diesel, 4C, 
CR = 17.5:1, 
DS = 3.9 L 

1. Speed (rpm) = 
1500 
2. Load % = 100 
3. λ = 0.9, 1.1, 1.15, 
1.2, 1.25, and 1.3 
4. CR = 9.6, 12.5, 
and 15 

1. PD + CNG 
2. PD + (95%CNG + 5%H2) 
3. PD + (90%CNG + 10%H2) 
4. PD + (80%CNG + 20%H2) 

⤋ with ⇧ of λ from 
0.9 to 1.05 and al-
most stable for λ 
from 1.05 to 1.3 
with all CRs. Close 
values and same 
behavior for all Fs. 
▼ with CR of 12.5 
for all Fs.  

NM 

⇑ with ⇧ of CR for 
all fuels. ▼ for F1 
and F2, ⇔ for F4, 
and ▲ for F3 with 
all λs when CR = 
15. 

▼ for F1 for all 
cases. ⤊ with ⇧ of 
H2 for all CRs. ⤊ 
with ⇧ of λ until λ 
= 1.15, then ⇓ with 
⇧ of λ for all Fs 
and CRs. ▼ for 
all Fs and λs with 
CR = 12.5. 

NM 

[63] 

4S, DI Diesel, 
1C, AC, CR = 
18:1, DS = 630 
cm3 

1. Speed (rpm) = 
1500 
2. Load % = 20, 40, 
60, and 80 

1. DFM 
2. PD + CNG 
3. PD + (80%CNG + 20%H2) 
4. PD + (70%CNG + 30%H2) 
5. PD + (60%CNG + 40%H2) 
6. PD + (50%CNG + 50%H2) 

▼ for F1 at all 
loads. ⤋ with ⇧ of 
load for F3-F6, and 
⇑ with ⇧ of load 
for fuels 1 and 2. 
▲ for F5 and ▼ 
for F1 at loads of 20 
and 40%. ▲ for F2 
and ▼ for F6 at 
loads of 60 and 
80%. ⤋ with ⇧ of 
H2 at loads of 60 
and 80%. ⤊ with F2 
to F6 compared 
with F1. 

⤊ with ⇧ of load 
for all fuels. ⇓ 
with ⇧ of H2 for 
all loads. ▼ for 
F6, and ▲ for F1 
with all loads. ▼ 
with F2 than F1, 
but ▲ with F2 
than other Fs. 

▼ for F1 at all 
loads. ⇑ and then 
⇓ with F2 to F6 
when ⇧ load. ▲ 
for F5 and ▼ for 
F1 at loads of 20%. 
▲ for F3 and ▼ 
for F6 at load of 
40%. ▲ for F2 
and ▼ for F6 at 
loads of 60 and 
80%. ⇓ with ⇧ of 
H2 at loads of 60 
and 80%. 

⤊ with ⇧ of load 
for all fuels. ▼ for 
F5 and ▲ for F1 
at loads of 20 and 
40%. ▲ for F1 
and ▼ for F6 at 
load of 60%. ▲ 
for F6 and ▼ for 
F1 and ⇑ with ⇧ 
of H2 at 80% loads. 

NM 

[65] 
4S, Diesel, 
4C, CR = 18:1, 
DS = 1910 cm3 

1. Speed (rpm) = 
2000 rpm 
2. Load (Nm) = 50, 
and 100  
3. AFR = 14.5, 15.9, 
16.5, 17.4 
4. SOPI [CA] 
BTDC = 15, 35, 55 

1. DFM 
2. PD + CNG 
3. PD + (85%CNG + 15%H2) 
4. PD + (75%CNG + 25%H2) 

Non-linear relation 
with SOPI. ▲ for 
F2 and ▼ for F4 
with a load of 100 
Nm. All values ⇓ 
with ⇧ of load and 
⇧ of H2. 

Non-linear rela-
tion with SOPI. All 
values ⇓ with ⇧ 
of load and ⇧ of 
H2. 

Non-linear rela-
tion with SOPI. All 
values ⤋ with ⇧ of 
load and ⇧ of H2.  

Non-linear rela-
tion with SOPI. ⤊ 
with ⇧ of ADI and 
then ⇩ when 
reach LTC for all 
Fs. All values ⤋ 
with ⇧ of load and 
⇑ with ⇧ of H2. 

PN 
▲ for F1, ⇔ with 
F4, ▼ for F2 and 
F3. With advanc-
ing SOPI, ⤋ for F1, 
and ↓ with other 
Fs. ⤋ for F2 to F4 
in compare with 
F1 with all SOPIs. 

with
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Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of
H2 for F3 to F5.

[59] 4S, DI DF, 1C, CR =
20.36:1, SV = 0.45 LIT

1. Speed (rpm) = 2000
2. Load (Nm) = 20.18
3. λ= (1.2), (1.4), (1.8),
(2), (2.2) and (2.4)

1. PD + CNG
2. PD + (30%H2 + 70%CNG)
3. PD + (50%H2 + 50%CNG)
4. PD + (70%H2 + 30%CH4)
5. PD+ H2

⇓ with
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Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of λ for all
fuels.
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2.
N for F1 and H for F5
with all λ.

⇓ with
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5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
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of H2 with all 
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loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2.
N for F5 and H for F1
with all λ.

NM

[60]
4S, DI Diesel, 4C, WC,
CR = 17.5:1,
DS = 3567 CC

1. Speed (rpm) =
1200–2600 with an
interval of 100 rpm
at WOT
2. Load % = 100
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For 30 HCNG,
AFR = 16.4
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
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⤊ with ⇧ of load 
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4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
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for all fuels at a 
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with ⇧ of H2 for all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of rpm for all
fuels. N for F2,⇔ for
F3, and H for F1 with
all rpm.
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
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⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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and loads except 
F5 show the ▼ 
value, ▲ for F1 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
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3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
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▼ for F6 with all 
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with ⇧ of H2 for all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
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10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
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7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
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nificantly ▲ for 
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
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of H2. N
for F1,⇔ for F2, andH
for F3 with all rpm.

NM
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Table 1. Cont.

Ref Engine
Details

Engine Operation
Conditions

Fuel Number (Fn(1,2,. . .)) and
Combinations

Engine Exhaust Emissions Results

CO CO2 HC NOx Smoke, PM, PN, Soot

[97] 4S, Diesel, 3C, CR =
17:1, DS = 3.2 L

1. Speed (rpm) = 1200
and 2400
2. Load % = 100
3. AFR = 40, 45, 50, 55,
60, and 65
4. IP (bar) = 300 to 800

1. DFM
2. PDF + CNG
3. PD + (90%CNG + 10%H2)
4. PD + (80%CNG + 20%H2)
5. PD + (70%CNG + 30%H2)
6. PD + (60%CNG + 40%H2)

NM NM

⇓ with
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to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for
all rpm. H for F1 and N
for F6 at all rpm.

Soot
↓ with
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
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value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
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⤊ with ⇧ of load 
for all fuels and 
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4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
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2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
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3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
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for all Fs. ⇓ with ⇧
of H2 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
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nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of rpm for all

Fs.
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and rpms. ⇔ for 
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while the ▼ for F1 
with all rpms and 
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⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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and loads except 
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to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
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load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for
F2 to F6 with all rpm. H
for F6 and N for F1 at
all rpm.

[61] 4S, Modified Diesel, 4C,
CR = 17.5:1, DS = 3.9 L

1. Speed (rpm) = 1500
2. Load % = 100
3. λ = 0.9, 1.1, 1.15, 1.2,
1.25, and 1.3
4. CR = 9.6, 12.5, and 15

1. PD + CNG
2. PD + (95%CNG + 5%H2)
3. PD + (90%CNG + 10%H2)
4. PD + (80%CNG + 20%H2)
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and rpms. ⇔ for 
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while the ▼ for F1 
with all rpms and 
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⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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and loads except 
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1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
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3. PD + (30%H2 + 70%CH4) 
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▼ for F6 with all 
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with ⇧ of H2 for all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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and F7. ▼ for F1 
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for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
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for F3 at 10,30, 
70% load and F1 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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and loads except 
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for all fuels and 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
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▼ for F6 with all 
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for all fuels at a 
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30% and then ⇑. 
▼ for F3 and F4 at 
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nificantly ▲ for 
F1 at load 50 to 
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of λ from 0.9
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stable for λ from 1.05 to
1.3 with all CRs. Close
values and same
behavior for all Fs. H
with CR of 12.5 for
all Fs.

NM

⇑ with
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for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of CR for all
fuels. H for F1 and F2,
⇔ for F4, and N for F3
with all λs when
CR = 15.

H for F1 for all cases.
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F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
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and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
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▼ for F6 with all 
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with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for all CRs.
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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and loads except 
F5 show the ▼ 
value, ▲ for F1 
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⤊ with ⇧ of load 
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4S, DF, 4C, 
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= 4334 cm3 

1. Speed (rpm) = 
1800 
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50, 70, and 90 

1. DFM 
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4. PD + (50%H2 + 50%CH4) 
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▼ for F6 with all 
loads. ▲ for F2 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
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3. PD + (500 g/h) NG  
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5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of λ until λ =
1.15, then ⇓ with
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1. Speed (rpm) 
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0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
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4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of λ
for all Fs and CRs. H
for all Fs and λs with
CR = 12.5.

NM

[63] 4S, DI Diesel, 1C, AC,
CR = 18:1, DS = 630 cm3

1. Speed (rpm) = 1500
2. Load % = 20, 40, 60,
and 80

1. DFM
2. PD + CNG
3. PD + (80%CNG + 20%H2)
4. PD + (70%CNG + 30%H2)
5. PD + (60%CNG + 40%H2)
6. PD + (50%CNG + 50%H2)

H for F1 at all loads.
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mately the same 
with F2 to F6 at 
50% load. At 70 

of load for
F3-F6, and ⇑ with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
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while the ▼ for F1 
with all rpms and 
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for all fuels and 
rpm. Approxi-
mately the same 
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and loads except 
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1. Speed (rpm) = 
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for all Fs. ⇓ with ⇧
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for F6, ↓ with ⇧ 
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Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of load for all
fuels. ⇓ with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2
for all loads. H for F6,
and N for F1 with all
loads. H with F2 than
F1, but N with F2 than
other Fs.

H for F1 at all loads. ⇑
and then ⇓ with F2 to
F6 when

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

load. N for
F5 and H for F1 at loads
of 20%. N for F3 and H
for F6 at load of 40%. N
for F2 and H for F6 at
loads of 60 and 80%. ⇓
with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
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5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
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loads. 
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⤋ with ⇧ of load 
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and F7. ▼ for F1 
and F6 with all 
loads. 
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for F3 at 10,30, 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 at
80% loads.

NM

[65] 4S, Diesel, 4C, CR =
18:1, DS = 1910 cm3

1. Speed (rpm) =
2000 rpm
2. Load (Nm) = 50,
and 100
3. AFR = 14.5, 15.9,
16.5, 17.4
4. SOPI [CA] BTDC =
15, 35, 55
5. IP (bar): 380, 450, 550,
620, 800, 900, 1000, 1150
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Non-linear relation
with SOPI. N for F2 and
H for F4 with a load of
100 Nm. All values ⇓
with
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of load and
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and rpms. ⇔ for 
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while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
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and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
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1. Speed (rpm) = 
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2. PD + CH4 
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▼ for F6 with all 
loads. ▲ for F2 
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for all Fs. ⇓ with ⇧
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▼ for F3 and F4 at 
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nificantly ▲ for 
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mately the same 
with F2 to F6 at 
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of H2.
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while the ▼ for F1 
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mately the same 
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1800 
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▼ for F6 with all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
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for F3 at 10,30, 
70% load and F1 at 
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for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
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▼ for F3 and F4 at 
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F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
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= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
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▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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PM ⤊ with ⇧ of load 
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▼ for F3 and F4 at 
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with F2 to F6 at 
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while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of load and
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2.

Non-linear relation
with SOPI.
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of
ADI and then
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[61] 

4S, Modified 
Diesel, 4C, 
CR = 17.5:1, 
DS = 3.9 L 

1. Speed (rpm) = 
1500 
2. Load % = 100 
3. λ = 0.9, 1.1, 1.15, 
1.2, 1.25, and 1.3 
4. CR = 9.6, 12.5, 
and 15 

1. PD + CNG 
2. PD + (95%CNG + 5%H2) 
3. PD + (90%CNG + 10%H2) 
4. PD + (80%CNG + 20%H2) 

⤋ with ⇧ of λ from 
0.9 to 1.05 and al-
most stable for λ 
from 1.05 to 1.3 
with all CRs. Close 
values and same 
behavior for all Fs. 
▼ with CR of 12.5 
for all Fs.  

NM 

⇑ with ⇧ of CR for 
all fuels. ▼ for F1 
and F2, ⇔ for F4, 
and ▲ for F3 with 
all λs when CR = 
15. 

▼ for F1 for all 
cases. ⤊ with ⇧ of 
H2 for all CRs. ⤊ 
with ⇧ of λ until λ 
= 1.15, then ⇓ with 
⇧ of λ for all Fs 
and CRs. ▼ for 
all Fs and λs with 
CR = 12.5. 

NM 

[63] 

4S, DI Diesel, 
1C, AC, CR = 
18:1, DS = 630 
cm3 

1. Speed (rpm) = 
1500 
2. Load % = 20, 40, 
60, and 80 

1. DFM 
2. PD + CNG 
3. PD + (80%CNG + 20%H2) 
4. PD + (70%CNG + 30%H2) 
5. PD + (60%CNG + 40%H2) 
6. PD + (50%CNG + 50%H2) 

▼ for F1 at all 
loads. ⤋ with ⇧ of 
load for F3-F6, and 
⇑ with ⇧ of load 
for fuels 1 and 2. 
▲ for F5 and ▼ 
for F1 at loads of 20 
and 40%. ▲ for F2 
and ▼ for F6 at 
loads of 60 and 
80%. ⤋ with ⇧ of 
H2 at loads of 60 
and 80%. ⤊ with F2 
to F6 compared 
with F1. 

⤊ with ⇧ of load 
for all fuels. ⇓ 
with ⇧ of H2 for 
all loads. ▼ for 
F6, and ▲ for F1 
with all loads. ▼ 
with F2 than F1, 
but ▲ with F2 
than other Fs. 

▼ for F1 at all 
loads. ⇑ and then 
⇓ with F2 to F6 
when ⇧ load. ▲ 
for F5 and ▼ for 
F1 at loads of 20%. 
▲ for F3 and ▼ 
for F6 at load of 
40%. ▲ for F2 
and ▼ for F6 at 
loads of 60 and 
80%. ⇓ with ⇧ of 
H2 at loads of 60 
and 80%. 

⤊ with ⇧ of load 
for all fuels. ▼ for 
F5 and ▲ for F1 
at loads of 20 and 
40%. ▲ for F1 
and ▼ for F6 at 
load of 60%. ▲ 
for F6 and ▼ for 
F1 and ⇑ with ⇧ 
of H2 at 80% loads. 

NM 

[65] 
4S, Diesel, 
4C, CR = 18:1, 
DS = 1910 cm3 

1. Speed (rpm) = 
2000 rpm 
2. Load (Nm) = 50, 
and 100  
3. AFR = 14.5, 15.9, 
16.5, 17.4 
4. SOPI [CA] 
BTDC = 15, 35, 55 

1. DFM 
2. PD + CNG 
3. PD + (85%CNG + 15%H2) 
4. PD + (75%CNG + 25%H2) 

Non-linear relation 
with SOPI. ▲ for 
F2 and ▼ for F4 
with a load of 100 
Nm. All values ⇓ 
with ⇧ of load and 
⇧ of H2. 

Non-linear rela-
tion with SOPI. All 
values ⇓ with ⇧ 
of load and ⇧ of 
H2. 

Non-linear rela-
tion with SOPI. All 
values ⤋ with ⇧ of 
load and ⇧ of H2.  

Non-linear rela-
tion with SOPI. ⤊ 
with ⇧ of ADI and 
then ⇩ when 
reach LTC for all 
Fs. All values ⤋ 
with ⇧ of load and 
⇑ with ⇧ of H2. 

PN 
▲ for F1, ⇔ with 
F4, ▼ for F2 and 
F3. With advanc-
ing SOPI, ⤋ for F1, 
and ↓ with other 
Fs. ⤋ for F2 to F4 
in compare with 
F1 with all SOPIs. 

when
reach LTC for all Fs. All
values
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of
load and ⇑ with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2.

PN
N for F1,⇔ with F4, H
for F2 and F3. With
advancing SOPI,
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

for
F1, and ↓ with other Fs.
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Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

for F2 to F4 in
compare with F1 with
all SOPIs.

[64]
4S, DI Diesel, 1C, WC,
CR = 17.5:1,
DS = 661 cm3

1. Speed (rpm) = 1500
2. Load % = 25, 50, 75,
and 100
3. IP (bar) = 200, 220,
and 240

1. DFM
2. PD + (90%CNG + 10%H2)
3. PD + (80%CNG + 20%H2)

N at 200 bars,⇔ at 240
bars, and H at 220 bars
for all Fs. H for F3,⇔
for F2, and N for F1 at
all IP.
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Smoke, PM, PN, 
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

H2 for
all IPs.

NM

H at 220 bars,⇔ at 240
bars, and N at 200 bars
for all fuels. H for F3,
⇔ for F2, andN for F1
at all IPs.
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4S, DF, 3C, 
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
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and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
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value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
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rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
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4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

H2
for all IPs.

N at 220 bars and H at
200 and 240 bars for all
fuels. H for F1,⇔ for
F2, and N for F3 at all
IPs.
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
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for F6, ↓ with ⇧ 
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while the ▼ for F1 
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Table 1. Cont.

Ref Engine
Details

Engine Operation
Conditions

Fuel Number (Fn(1,2,. . .)) and
Combinations

Engine Exhaust Emissions Results

CO CO2 HC NOx Smoke, PM, PN, Soot

[66] 4S, DI Diesel, 1C, AC,
CR = 17:1, DS = 573 cm3

1. Speed (rpm) = 1500
2. Load:
IMEP (Mpa) = 0.70

1. DFM
2. 10%PD + [90%NG]
3. 10%PD + [88%NG + 2%H2]
4. 10%PD + [82%NG + 8%H2]
5. 10%PD + [78%NG + 12%H2]
6. 10%PD + [71%NG + 19%H2]
7. 10%PD + [69%NG + 21%H2]

↓ with
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1. Speed (rpm) 
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6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for F2 to
F7. N for F1 and H for
F7.
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
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with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
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1500 for all fuels. 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with F2 to F7
compared with F1.
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1. DFM 
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for F5 and ▼ for 
F1 at loads of 20%. 
▲ for F3 and ▼ 
for F6 at load of 
40%. ▲ for F2 
and ▼ for F6 at 
loads of 60 and 
80%. ⇓ with ⇧ of 
H2 at loads of 60 
and 80%. 

⤊ with ⇧ of load 
for all fuels. ▼ for 
F5 and ▲ for F1 
at loads of 20 and 
40%. ▲ for F1 
and ▼ for F6 at 
load of 60%. ▲ 
for F6 and ▼ for 
F1 and ⇑ with ⇧ 
of H2 at 80% loads. 

NM 

[65] 
4S, Diesel, 
4C, CR = 18:1, 
DS = 1910 cm3 

1. Speed (rpm) = 
2000 rpm 
2. Load (Nm) = 50, 
and 100  
3. AFR = 14.5, 15.9, 
16.5, 17.4 
4. SOPI [CA] 
BTDC = 15, 35, 55 

1. DFM 
2. PD + CNG 
3. PD + (85%CNG + 15%H2) 
4. PD + (75%CNG + 25%H2) 

Non-linear relation 
with SOPI. ▲ for 
F2 and ▼ for F4 
with a load of 100 
Nm. All values ⇓ 
with ⇧ of load and 
⇧ of H2. 

Non-linear rela-
tion with SOPI. All 
values ⇓ with ⇧ 
of load and ⇧ of 
H2. 

Non-linear rela-
tion with SOPI. All 
values ⤋ with ⇧ of 
load and ⇧ of H2.  

Non-linear rela-
tion with SOPI. ⤊ 
with ⇧ of ADI and 
then ⇩ when 
reach LTC for all 
Fs. All values ⤋ 
with ⇧ of load and 
⇑ with ⇧ of H2. 

PN 
▲ for F1, ⇔ with 
F4, ▼ for F2 and 
F3. With advanc-
ing SOPI, ⤋ for F1, 
and ↓ with other 
Fs. ⤋ for F2 to F4 
in compare with 
F1 with all SOPIs. 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2, except
at F7 that slightly N
than F6. N for F1 and H
for F6.
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with F2 to F7
compared with F1.

H for F1 and F6. ⇔ for
F4, F5, and F7. N for F2
and F3.
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
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5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for F2
to F7. N for F1 than F2.
H for F2 and N for F7.

NM

[67]
4S, DI Diesel, 1C,
CR = 19.3:1,
DS = 406 cm3

1. Speed (rpm) = 1500
2. Load % = 100
3. ϕ= 0.833, 0.88, 0.928,
0.941, 0.935, 0.893

1. DFM
2. 40%PD + [60%((100%CH4), (70%CH4 +
30%H2), (50%CH4 + 50%H2), (70%CH4 +
30%H2), (100%H2))]
3. 50% PD + [50%((100%CH4), (70%CH4 +
30%H2), (50%CH4 + 50%H2), (70%CH4 +
30%H2), (100%H2))]
4. 60% PD + [40%((100%CH4), (70%CH4 +
30%H2), (50%CH4 + 50%H2), (70%CH4 +
30%H2), (100%H2))]

H for F1 and PD + H2,
while N for PD + CH4

in all mixings.
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 and
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of PD in
all mixings. N for
40%DF + 60% CH4.

NM NM

H for F1 and PD + CH4,
while N for PD + H2 in
all mixings. ⇑ with
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Smoke, PM, PN, 
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of
H2 and
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[61] 

4S, Modified 
Diesel, 4C, 
CR = 17.5:1, 
DS = 3.9 L 

1. Speed (rpm) = 
1500 
2. Load % = 100 
3. λ = 0.9, 1.1, 1.15, 
1.2, 1.25, and 1.3 
4. CR = 9.6, 12.5, 
and 15 

1. PD + CNG 
2. PD + (95%CNG + 5%H2) 
3. PD + (90%CNG + 10%H2) 
4. PD + (80%CNG + 20%H2) 

⤋ with ⇧ of λ from 
0.9 to 1.05 and al-
most stable for λ 
from 1.05 to 1.3 
with all CRs. Close 
values and same 
behavior for all Fs. 
▼ with CR of 12.5 
for all Fs.  

NM 

⇑ with ⇧ of CR for 
all fuels. ▼ for F1 
and F2, ⇔ for F4, 
and ▲ for F3 with 
all λs when CR = 
15. 

▼ for F1 for all 
cases. ⤊ with ⇧ of 
H2 for all CRs. ⤊ 
with ⇧ of λ until λ 
= 1.15, then ⇓ with 
⇧ of λ for all Fs 
and CRs. ▼ for 
all Fs and λs with 
CR = 12.5. 

NM 

[63] 

4S, DI Diesel, 
1C, AC, CR = 
18:1, DS = 630 
cm3 

1. Speed (rpm) = 
1500 
2. Load % = 20, 40, 
60, and 80 

1. DFM 
2. PD + CNG 
3. PD + (80%CNG + 20%H2) 
4. PD + (70%CNG + 30%H2) 
5. PD + (60%CNG + 40%H2) 
6. PD + (50%CNG + 50%H2) 

▼ for F1 at all 
loads. ⤋ with ⇧ of 
load for F3-F6, and 
⇑ with ⇧ of load 
for fuels 1 and 2. 
▲ for F5 and ▼ 
for F1 at loads of 20 
and 40%. ▲ for F2 
and ▼ for F6 at 
loads of 60 and 
80%. ⤋ with ⇧ of 
H2 at loads of 60 
and 80%. ⤊ with F2 
to F6 compared 
with F1. 

⤊ with ⇧ of load 
for all fuels. ⇓ 
with ⇧ of H2 for 
all loads. ▼ for 
F6, and ▲ for F1 
with all loads. ▼ 
with F2 than F1, 
but ▲ with F2 
than other Fs. 

▼ for F1 at all 
loads. ⇑ and then 
⇓ with F2 to F6 
when ⇧ load. ▲ 
for F5 and ▼ for 
F1 at loads of 20%. 
▲ for F3 and ▼ 
for F6 at load of 
40%. ▲ for F2 
and ▼ for F6 at 
loads of 60 and 
80%. ⇓ with ⇧ of 
H2 at loads of 60 
and 80%. 

⤊ with ⇧ of load 
for all fuels. ▼ for 
F5 and ▲ for F1 
at loads of 20 and 
40%. ▲ for F1 
and ▼ for F6 at 
load of 60%. ▲ 
for F6 and ▼ for 
F1 and ⇑ with ⇧ 
of H2 at 80% loads. 

NM 

[65] 
4S, Diesel, 
4C, CR = 18:1, 
DS = 1910 cm3 

1. Speed (rpm) = 
2000 rpm 
2. Load (Nm) = 50, 
and 100  
3. AFR = 14.5, 15.9, 
16.5, 17.4 
4. SOPI [CA] 
BTDC = 15, 35, 55 

1. DFM 
2. PD + CNG 
3. PD + (85%CNG + 15%H2) 
4. PD + (75%CNG + 25%H2) 

Non-linear relation 
with SOPI. ▲ for 
F2 and ▼ for F4 
with a load of 100 
Nm. All values ⇓ 
with ⇧ of load and 
⇧ of H2. 

Non-linear rela-
tion with SOPI. All 
values ⇓ with ⇧ 
of load and ⇧ of 
H2. 

Non-linear rela-
tion with SOPI. All 
values ⤋ with ⇧ of 
load and ⇧ of H2.  

Non-linear rela-
tion with SOPI. ⤊ 
with ⇧ of ADI and 
then ⇩ when 
reach LTC for all 
Fs. All values ⤋ 
with ⇧ of load and 
⇑ with ⇧ of H2. 

PN 
▲ for F1, ⇔ with 
F4, ▼ for F2 and 
F3. With advanc-
ing SOPI, ⤋ for F1, 
and ↓ with other 
Fs. ⤋ for F2 to F4 
in compare with 
F1 with all SOPIs. 

of PD in all
mixings.
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Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of
H2 for H PD, ⇑ with
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
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all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
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4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
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2. Load % = 10, 30, 
50, 70, and 90 
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3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
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⤋ with ⇧ of load 
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70% load and F1 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for⇔ PD, and ↑
with
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
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for all fuels and 
rpm. Approxi-
mately the same 
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⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for N PD.
N for 40%DF + 60%H2.

NM

[68] 4S, DI Diesel, 1C, CR =
19.3:1, DS = 406 cm3

1. Speed (rpm) = 1500
2. Load % = 100
3. ϕ = 0.833, 0.88, 0.928,
0.941, 0.935, 0.893
4. Ti (K) = 303, 318, 338

1. DFM
2. 60%PD + [40%CH4]
3. 60% PD + [28%CH4 + 12%H2]
4. 60% PD + [20%CH4 + 20%H2]
5. 60% PD + [12%CH4 + 28%H2]
6. 60% PD + [40%H2]

H for F1 and F6, while
N for F2 in all Ti values.
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⤊ with ⇧ of load 
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rpm. Approxi-
mately the same 
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and loads except 
F5 show the ▼ 
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for all fuels and 
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1. Speed (rpm) = 
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of H2 with all 
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and F6 with all 
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for all fuels. For F3 
to F6, ⇑ with ⇧ of 
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for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
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for F3 at 10,30, 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
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mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 in all Ti
values. ⇑ for Ti of 303
to 318 K and ↑ with Ti
of 318 to 338 K for
all Fs.

NM NM

H for F1 and F2, while
N for F6 in all Ti values.
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
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70% load and F1 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 in all Ti
values. ↑ for Ti of 303 to
318 K and ⇑ with Ti of
318 to 338 K for all Fs.

NM

[69] 4S, DI Diesel, 1C, CR =
13.5:1, DS = 11.9 L

1. Speed (rpm) = 1000
2. Load % = 100
3. OP (W) = 1200, 1600,
2000, 2400, 2800,
3200, 3600
4. Ti (K) = 800,
900, 1000

Gas–fuel replacement 90%
1. PD + (100%CH4)
2. PD + (95%CH4 + 5%H2)
3. PD + (90%CH4 + 10%H2)
4. PD + (85%CH4 + 15%H2)
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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1. Speed (rpm) 
(rpm) = 1500, 1750  
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0.0, 10.2, 20.41, 
30.61, and 40.81  
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6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

OP with all
Fs. N for F1 and H for
F4 at all OPs. ⇓ with
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4S, DF, 3C, 
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 at all OPs.

Not stable with OP, but
almost
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4S, DF, 3C, 
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

together. N
for F1 than other Fs. N
for F4 than F2 and F3 at
OP of 1200 to 2400 W. H
for F4 than all Fs at OP
of 2400 to 3600 W.

NM
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of OP with
all Fs. N for F4 and H
for F1 at all OPs. ⇑ with
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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for F3 at 10,30, 
70% load and F1 at 
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PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 at all OPs.

NM

[70] 4S, DI Diesel, 1C, R =
16.25:1, DS = 2.44 L

1. Load = partial
(25%-405 bar BMEP)
2. Speed (rpm) = 910
3. SOPI (BTDC) = 10◦ ,
14◦ , 18◦ , 22◦ , 26◦ , 30◦ ,
34◦ , 38◦ , 42◦ , 46◦ , 50◦
4. Various AFR
according to
mixing rate

Mode 1
1. 25%PD + [75%NG + 0%H2]
2. 25%PD + [65%NG + 10%H2]
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4. 25%PD + [25%NG + 50%H2]
5. 25%PD + [0%NG + 75%H2]
Mode 2
1. 25%PD + [75%NG + 0%H2]
2. 25%PD + [75%NG + 5%H2]
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4. 25%PD + [75%NG + 15%H2]
5. 25%PD + [75%NG + 20%H2]
6. 25%PD + [75%NG + 25%H2]
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7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
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all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 and
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 
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4S, DF, 3C, 
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1. Speed (rpm) 
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2. Loads (Nm) = 
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30.61, and 40.81  
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5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of CH4. H for
Mode 1.

⇓ with
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
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▼ for F6 with all 
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with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
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to F6, ⇑ with ⇧ of 
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of H2 and ⇑
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while the ▼ for F1 
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value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
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1800 
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load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for all
operation conditions. H
for Mode 2.
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Table 1. Cont.

Ref Engine
Details

Engine Operation
Conditions

Fuel Number (Fn(1,2,. . .)) and
Combinations

Engine Exhaust Emissions Results

CO CO2 HC NOx Smoke, PM, PN, Soot

[71] 4S, DI Diesel, 1C, AC,
CR = 18:1, DS = 630 cm3

1. Speed (rpm) = 1500
2. Load % = 30, 40, 50,
and 70

At 30% load:
1. DFM
2. PD + NG
3. PD + (84%NG + 16%H2)
4. PD + (80%NG + 20%H2)
5. PD + (70%NG + 30%H2)
At 40% load:
1. DFM
2. PD + NG
3. PD + (88.6%NG + 11.4%H2)
4. PD + (80%NG + 20%H2)
5. PD + (70%NG + 30%H2)
At 50 and 70% load:
1. DFM
2. PD + NG
3. PD + (90%NG + 10%H2)
4. PD + (80%NG + 20%H2)
5. PD + (70%NG + 30%H2)

H for F1 with all loads.
N for F2 from 30 to 60%
load. N for F3 at 70%
load.
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with F2 to F5
compared with F1.
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
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all rpms and loads. 

⤊ with ⇧ of load 
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1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of load for all
Fs. N for F1 for all
loads. H for F5 at 30
and 70% loads, F3 at 40
and 50% loads. ⇓ with
F2 to F5 compared
with F1.

H for F1 of N for F2 at
all loads. ⇓ with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of
H2 for F3 to F5 with all
loads. N at 50% load,
⇔ at 70% load, and H
at 30% load for all Fs,
except F4, the N at
70% load.
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F7 with all loads 
and rpms. ⇔ for 
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while the ▼ for F1 
with all rpms and 
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⤊ with ⇧ of load 
for all fuels and 
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mately the same 
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and loads except 
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with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
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▼ for F6 with all 
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PM ⤊ with ⇧ of load 
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▼ for F3 and F4 at 
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with F2 to F6 at 
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50, 70, and 90 

1. DFM 
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CR = 16.05:1,
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3.5 kW
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5. PD + (80%CNG + 20%H2)
6. PD + (75%CNG + 25%H2)
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while the ▼ for F1 
with all rpms and 
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for all fuels and 
rpm. Approxi-
mately the same 
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4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
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for F3 at 10,30, 
70% load and F1 at 
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for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
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nificantly ▲ for 
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and rpms. ⇔ for 
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while the ▼ for F1 
with all rpms and 
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for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
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rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
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NM 
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4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
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▼ for F6 with all 
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⤋ with ⇧ of load 
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of H2 with all 
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and F7. ▼ for F1 
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for all Fs, except 
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30% and then ⇑. 
▼ for F3 and F4 at 
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mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for
Fs of F2 to F4 with all
CRs. H for F5 than F1
but N than Fs of F2, F3,
F4 and F6 with all CRs.
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load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for
Fs of F2 to F5 with
all CRs.
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
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4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of CR for all
Fs. N values for F6 and
H values for F1 with
all CRs. ⇑ with
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1. Speed (rpm) 
(rpm) = 1500, 1750  
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0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2
for all CRs.

Smoke
⇓ with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 for all
CRs. N values for F1
and H values for F6
with all CRs. Slightly
affected by CR.

[73] 4S, DI Diesel, 6C, WC,
CR = 17:1, DS = 11.5 L

1. Speed (rpm) = 1800
2. Load % = 25, 50,
75, 100
3. Rated power =
235.6 kW

1. DFM
2. 50%PD + [50%NG]
3. 50%PD + [45%NG + 5%H2]
4. 50%PD + [40%NG + 10%H2]
5. 50%PD + [35%NG + 15%H2]
6. 80%PD + [20% H2]
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
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1. Speed (rpm) 
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0.0, 10.2, 20.41, 
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while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
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1500 for all fuels. 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
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with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
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F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
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1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
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▼ for F6 with all 
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with ⇧ of H2 for all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
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30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
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Fs. N for F2 and H for
F6 at 25% load. N for F1
and H for F6 at 50%
load. N for F1 and H for
F5 at 75 and 100% loads.
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⤊ with ⇧ of load 
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mately the same 
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4S, DF, 4C, 
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1. Speed (rpm) = 
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30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
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with all loads.
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F2, F4, and F6, 
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rpm. Approxi-
mately the same 
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for all fuels. For F3 
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for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
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▼ for F3 and F4 at 
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nificantly ▲ for 
F1 at load 50 to 
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of load for all
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and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
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rpm. ▲ for F3, F5, 
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for all fuels and 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
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6. PD+ H2 

▼ for F6 with all 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
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and F6 with all 
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for all Fs, except 
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Fs of F3 to F5 with
all loads.

NM
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mately the same 
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with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of load for all
Fs. ⇓ with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
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for F1 with loads 50 to
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all loads. N for F6 at
load 25%. At 100%
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[74]
4S, DI Diesel, 4C, WC,
CR = 17.4:1,
DS = 2494 cm3

1. Speed (rpm) = 800,
1000, 1500, 2000, 2500,
3000, 3500, 4000
2. Load % = 100
3. Maximum power =
106 Kw at 3400 rpm

1. DFM
2. PD + HCNG
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Table 1. Cont.

Ref Engine
Details

Engine Operation
Conditions

Fuel Number (Fn(1,2,. . .)) and
Combinations

Engine Exhaust Emissions Results

CO CO2 HC NOx Smoke, PM, PN, Soot

[88]
4S, DI Diesel, 1C, WC,
CR = 16.5:1,
DS = 522 cm3

1. Speed (rpm) =
1500, 2000
2. Premixed ratio
(RP %) = 86.8
3. ϕ = 0.184, 0.203,
0.212, 0.221
4. In-cylinder initial
temperature (K) = 346.4
5. In-cylinder initial
pressure (bar) = 1.591

1. PD + 100%CNG
2. PD + (75%CNG + 25%H2)
3. PD + (50%CNG + 50%H2)
4. PD + (25%CNG + 75%H2)
5. PD + 100% H2

NM
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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2. PD + (250 g/h) NG 
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4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2. N for
F1, and H for F5.
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of CH4 and
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2, except
the opposite behavior
with F2 and F3. N for
F5, and H for F1.

NM

[75]
4S, DI Diesel, 6C, WC,
CR = 13.4:1,
DS = 8796 cm3

1. Speed (rpm) = 1000
2. Premixed ratio
(RP %) = 88
3. ϕ = 0.5
4. IP (bar) = 1700
5. Intake pressure
(bar) = 1.85
6. Gross BMEP
(bar) = 10

1. PD + 100%CNG
2. PD + (90%CNG + 10%H2)
3. PD + (70%CNG + 30%H2)
4. PD + (50%CNG + 50%H2)
5. PD + (40%CNG + 60%H2)
6. PD + 100% H2

Not clear behavior with
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4S, DF, 3C, 
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 and
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18:1, DS = 630 
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1. Speed (rpm) = 
1500 
2. Load % = 20, 40, 
60, and 80 

1. DFM 
2. PD + CNG 
3. PD + (80%CNG + 20%H2) 
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5. PD + (60%CNG + 40%H2) 
6. PD + (50%CNG + 50%H2) 
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loads. ⤋ with ⇧ of 
load for F3-F6, and 
⇑ with ⇧ of load 
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▲ for F5 and ▼ 
for F1 at loads of 20 
and 40%. ▲ for F2 
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all loads. ▼ for 
F6, and ▲ for F1 
with all loads. ▼ 
with F2 than F1, 
but ▲ with F2 
than other Fs. 

▼ for F1 at all 
loads. ⇑ and then 
⇓ with F2 to F6 
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loads of 60 and 
80%. ⇓ with ⇧ of 
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⤊ with ⇧ of load 
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NM 

[65] 
4S, Diesel, 
4C, CR = 18:1, 
DS = 1910 cm3 

1. Speed (rpm) = 
2000 rpm 
2. Load (Nm) = 50, 
and 100  
3. AFR = 14.5, 15.9, 
16.5, 17.4 
4. SOPI [CA] 
BTDC = 15, 35, 55 

1. DFM 
2. PD + CNG 
3. PD + (85%CNG + 15%H2) 
4. PD + (75%CNG + 25%H2) 

Non-linear relation 
with SOPI. ▲ for 
F2 and ▼ for F4 
with a load of 100 
Nm. All values ⇓ 
with ⇧ of load and 
⇧ of H2. 

Non-linear rela-
tion with SOPI. All 
values ⇓ with ⇧ 
of load and ⇧ of 
H2. 

Non-linear rela-
tion with SOPI. All 
values ⤋ with ⇧ of 
load and ⇧ of H2.  

Non-linear rela-
tion with SOPI. ⤊ 
with ⇧ of ADI and 
then ⇩ when 
reach LTC for all 
Fs. All values ⤋ 
with ⇧ of load and 
⇑ with ⇧ of H2. 

PN 
▲ for F1, ⇔ with 
F4, ▼ for F2 and 
F3. With advanc-
ing SOPI, ⤋ for F1, 
and ↓ with other 
Fs. ⤋ for F2 to F4 
in compare with 
F1 with all SOPIs. 

of CH4.
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Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 and
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of CH4. N for
F1, and H for F5.
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
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for F6, ↓ with ⇧ 
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30% and then ⇑. 
▼ for F3 and F4 at 
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nificantly ▲ for 
F1 at load 50 to 
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mately the same 
with F2 to F6 at 
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mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 and

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
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and rpms. ⇔ for 
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while the ▼ for F1 
with all rpms and 
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mately the same 
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and loads except 
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F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
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1. Speed (rpm) = 
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2. Load % = 10, 30, 
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Based on the data provided in Table 1 and Figures 1–5, an overall summary of indi-
vidual exhaust gas components and the factors influencing them in compression ignition
(CI) engines using diesel, NG–diesel, and HNG–diesel as fuels is provided in Table 2.
According to Table 2, it could be summarized that the exhaust emissions of CI engines
vary significantly depending on the type of fuel used, which is diesel, natural gas–diesel
(NG–diesel), or hydrogen–natural gas–diesel (HNG–diesel). Diesel tends to produce higher
levels of carbon monoxide (CO) and particulate matter (PM), while NG–diesel results in
higher hydrocarbon (HC) emissions. HNG–diesel generally shows a balanced performance
but with a notable decrease in CO and PM emissions as the hydrogen content in the blend
increases. Emission levels are also influenced by various engine parameters such as injec-
tion pressure, compression ratio, and engine load, with notable trends including decreasing
CO2 and HC emissions with advanced pilot injection timing and increasing nitrogen oxide
(NOx) emissions with higher initial temperatures and engine speeds. There is a noticeable
gap in research on the effects of advanced pilot injection timing, intake temperature, initial
temperature, and in-cylinder initial pressure on emissions for all fuel types.

Table 2. Generalized summary of exhaust emissions and the influences affecting them for compression
ignition engines fueled by diesel, NG–diesel, and HNG–diesel. H: lowest, N: highest,⇔: intermediate,

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium
increasing,

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

: highly decreasing,

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

: highly increasing, rpm: revolution per minute, IP: injection
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Exhaust Component Summary of Findings

Carbon monoxide (CO)
H with diesel, N with NG-diesel,⇔ with HNG–diesel but
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2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 in the HNG
blend. ⇓ and then ↑ with advancing SOPI and
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of λ, CR, IP, and in-cylinder initial
pressure. ⇑ and then ↑ with
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22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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2. PD + (250 g/h) NG 
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6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of Ti and IT. ⇑ to
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1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of engine rpm and load.

Carbon dioxide (CO2)

N with diesel,⇔with NG-diesel, H with HNG–diesel and
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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4S, DF, 3C, 
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1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  
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2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
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7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 
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▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 in HNG
blend. ⇓ with advancing SOPI and

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of λ.

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of engine load, and

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with

Energies 2024, 17, x FOR PEER REVIEW 23 of 36 
 

 

Table 1. Summary of latest studies that investigated the use of HCNG as a mixture with diesel in various diesel engines. ▼: lowest, ▲: highest, ⇩: decreasing, ⇔: 
intermediate, ⇧: increasing, ↓: slightly decreasing, ↑: slightly increasing, ⇓: medium decreasing, ⇑: medium increasing, ⤋: highly decreasing, ⤊: highly increasing, 
DFM: diesel fuel mode, PD: pilot diesel fuel, rpm: revolution per minute, Fs: fuels, IP: injection pressure, NG: natural gas, CNG: compressed natural gas, H2: 
hydrogen, λ: Excess air factor, S: stroke, CR: compression ratio, C: cylinder, DS: displacement, NM: Not mentioned, WC: water-cooled, φ: equivalent ratio, AC: 
air-cooled, Ti: intake temperature, LTC: low-temperature combustion, SOPI: start of pilot injection, ADI: advance diesel injection, OP: output power, IT: initial 
temperature, CO: carbon monoxide, CO2: carbon dioxide, HC: Hydrocarbons, NOx: nitrogen oxide, PM: particulate matter, PN: particulate number. 

Ref Engine 
Details 

Engine Operation 
Conditions 

Fuel Number (Fn(1,2,…)) and Combi-
nations 

Engine Exhaust Emissions Results 

CO CO2 HC NOx 
Smoke, PM, PN, 

Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of
engine rpm. There is a lack of investigation on the effects of CR, IP, Ti, IT, and
in-cylinder initial pressure on CO2 emissions.

Hydrocarbons (HC)

N with NG–diesel, H with diesel and HNG–diesel, and ⇓ to
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Engine Exhaust Emissions Results 

CO CO2 HC NOx 
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Soot 

[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 in the
HNG blend. ⇓ with advancing SOPI and
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while the ▼ for F1 
with all rpms and 
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for all fuels and 
rpm. Approxi-
mately the same 
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1. Speed (rpm) = 
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5. PD + (70%H2 + 30%CH4) 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
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and F7. ▼ for F1 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of IP, rpm, and CR. ⇓ and then ↑ or inverse
behavior with
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F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
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all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 
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[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
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⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of λ according to another influences. There is a lack of investigation
on the effects of Ti, IT, and in-cylinder initial pressure on the HC emissions.

Nitrogen oxide (NOx)
H with NG-diesel, H to⇔ with diesel, N with HNG–diesel and ⇑ with
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6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 in the
HNG blend.
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▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

and then ↓with continue
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while the ▼ for F1 
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for all fuels and 
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mately the same 
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and loads except 
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1500 for all fuels. 
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= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 
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⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
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of λ.
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

and then ⇓with continue advancing
SOPI. ⇑ to
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of CR, IP, engine load and rpm. ↑ to ⇑ with continue
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of Ti.

Particulate matter (PM)/Smoke/Soot

H with diesel, N with NG-diesel,⇔ with HNG–diesel and ⇓ to
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

with
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
F5 show the ▼ 
value, ▲ for F1 
with 1750 rpm.  

⤊ with ⇧ of load 
with all fuels and 
rpm. ▲ for F3, F5, 
and F7, ⇔ for F2, 
F4, F6. ▼ for F1 at 
all rpms and loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm, but ↓ at full 
load and rpm of 
1500 for all fuels. 

NM 

[56] 
4S, DF, 4C, 
CR = 19:1, DS 
= 4334 cm3 

1. Speed (rpm) = 
1800 
2. Load % = 10, 30, 
50, 70, and 90 

1. DFM 
2. PD + CH4 
3. PD + (30%H2 + 70%CH4) 
4. PD + (50%H2 + 50%CH4) 
5. PD + (70%H2 + 30%CH4) 
6. PD+ H2 

▼ for F6 with all 
loads. ▲ for F2 
with all loads. ▲ 
for all fuels at a 
load of 50%. ⇓ 
with ⇧ of H2 for all 
loads. 

NM 

⤋ with ⇧ of load 
for all Fs. ⇓ with ⇧
of H2 with all 
loads. ▲ for F2, 
and F7. ▼ for F1 
and F6 with all 
loads. 

⤊ with ⇧ of load 
for all fuels. For F3 
to F6, ⇑ with ⇧ of 
H2. ▲ for F6 at 
load 50 to 90%. ▼ 
for F3 at 10,30, 
70% load and F1 at 
90% load. 

PM ⤊ with ⇧ of load 
for all Fs, except 
for F6, ↓ with ⇧ 
load from 10 to 
30% and then ⇑. 
▼ for F3 and F4 at 
10% load, and sig-
nificantly ▲ for 
F1 at load 50 to 
90%. Approxi-
mately the same 
with F2 to F6 at 
50% load. At 70 

of H2 in an
HNG blend. ↓ to
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[55] 

4S, DF, 3C, 
WC, CR = 
22.8:1, DS = 
1028 m3 

1. Speed (rpm) 
(rpm) = 1500, 1750  
2. Loads (Nm) = 
0.0, 10.2, 20.41, 
30.61, and 40.81  

1. DFM 
2. PD + (250 g/h) NG 
3. PD + (500 g/h) NG  
4. PD + (250 g/h) [90% NG + 10%H2] 
5. PD + (500 g/h) [90% NG + 10%H2] 
6. PD + (250 g/h) [80% NG + 20%H2] 
7. PD + (500 g/h) [80% NG + 20%H2] 

▲ for F3, F5, and 
F7 with all loads 
and rpms. ⇔ for 
F2, F4, and F6, 
while the ▼ for F1 
with all rpms and 
loads. 

⤊ with ⇧ of load 
for all fuels and 
rpm. Approxi-
mately the same 
for all fuels, rpm, 
and loads except 
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of engine rpm. There is a lack of investigation
on the effects of λ, Ti, IT, and in-cylinder initial pressure on the PM, smoke and
soot emissions.

3. Conclusions

This review explores the impact of enriching natural gas with hydrogen on emissions
in HCNG-diesel Tri-fuel engines. It shows that while using natural gas or hydrogen with
diesel affects emissions, combining them in the Tri-fuel mode reduces CO, CO2, HC, and
PM emissions but increases NOx emissions compared to dual-fuel modes. The study
identifies operational parameters like engine power, speed, load, air–fuel ratio, and fuel
blends influencing emissions. It notes that CO emissions decrease with higher hydrogen
content, load, power, and advanced diesel injection timing but increase with engine speed.
CO2 emissions generally decrease with more hydrogen and lambda but increase with load.
HC emissions mostly decrease with more hydrogen, lambda, advancing diesel injection
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timing, engine speed, and load but vary with intake temperature, PDIP, and CR. NOx
emissions typically rise with engine load, speed, hydrogen content, power, CR, and intake
temperature but decrease with more natural gas. The conclusion emphasizes referring
to Table 1 for engine specifications and emissions data. Table 2 provides a generalized
summary of exhaust emissions and the influences affecting them for compression ignition
engines fueled by diesel, NG-diesel, and HNG–diesel. Hydrogen incorporation signifi-
cantly reduces soot and particulate emissions. Specific hydrogen ratios and optimized
timings enhance reductions, showing hydrogen’s potential as a supplementary fuel for
cleaner diesel engines. Among reviewed studies, varied focuses were on engine loads,
speeds, AFR, PDIP, PDIT, CR, and intake air temperatures, altering fuel blends. Many
studies did not address all emissions comprehensively, indicating a need for more research
on emissions reduction techniques in HNG–diesel Tri-fuel engines. Future research should
adopt a multidisciplinary approach, integrating hydrogen enrichment, advanced injection
timing, combustion optimization, and exhaust gas recirculation for reducing CO, CO2, HC,
NOx, and PM emissions. Combining experimental studies with advanced simulations
like CFD can provide deeper insights. Exploring novel techniques like water vapor in-
jection and advanced diesel injection methods may offer additional emission reductions
while maintaining engine performance. Collaboration among academia, industry, and
regulatory bodies is crucial for developing sustainable solutions for internal combustion
engine emissions.
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Abbreviations

AFR Air fuel ratio H2 Hydrogen
ATDC After top dead center HC Hydrocarbons
BP Brake power HCNG Mixture of hydrogen and compressed natural gas
BSFC Brake-specific fuel consumption HNG Mixture of hydrogen and natural gas
BT Brake torque HRR Heat release rate
BTDC Before top dead center IMEP Indicated mean effective pressure
BTE Brake thermal efficiency IP Injection pressure
CA Crank angle IOP Injection operating pressure
CH4 Methane LTC Low-temperature combustion
CI Compression ignition Mix Mixture
CNG Compressed natural gas NG Natural gas
CO Carbon monoxide NOx Nitrogen oxides
CO2 Carbon dioxide PM Particulate matter
CR Compression ratio SOPI Start of pilot injection
DF Dual-fuel TDC Top dead center
FC Fuel consumption Ti Intake temperature
FD Full diesel UBHC Unburned hydrocarbons
DFS Diesel fuel system λ Excess air factor
PDF Pilot diesel fuel
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