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Recently, the combustion of fuel has emerged as a significant global concern. 
Numerous studies have highlighted the various emissions produced by different fuels. 
Due to the harmful pollutants and greenhouse gases emitted by fossil fuels, there has 
been a shift towards renewable and alternative energy sources to mitigate these 
adverse environmental impacts. This overview presents an in-depth analysis of current 
alternative fuels utilized in spark ignition (SI) engines, particularly examining the 
differences in performance and emissions associated with the use of hydrogen-
enriched natural gas (HCNG), compressed natural gas (CNG), and ethanol as 
substitutes for traditional fuels. Various engine types, configurations, and operational 
conditions are presented to evaluate the suitability and impact of these fuels on engine 
performance and emission profiles. This review is intended to function as a 
comprehensive resource guide for future research directions, development of engine 
technologies, and formulation of policies related to the adoption of cleaner fuel 
alternatives in the internal combustion engine (ICE) sector. Biofuels show potential, 
but it needs to be sustainable to avoid impacting food resources as the push for 
greener energy continues. 
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1. Introduction 
 

Transportation is another sector whereby internal combustion engines particularly those burning 
fossil fuels have proved devastating to the environment given the outcome they produce mostly 
greenhouse gases and other pollutants [1]. Therefore, there has been a rapid transition to renewable 
and or synthetic energy sources as a measure of reducing these effects. Most recent researches have 
proved that fuels like hydrogen, natural gas and alcohol may reduce the emission of carbon by a large 
margin without much compromising on the efficiency of engine [2]. Air pollution, resulting primarily 
from energy production and consumption, poses both global and local challenges and contributes 
significantly to climate change. Energy plays a vital role in every aspect of life, including industrial 
manufacturing, transportation, and electricity generation in thermal power plants. Electricity is also 
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recognized as a key factor in virtually all human endeavours. The rapid increase in the global 
population is closely linked to increased energy use and growing environmental issues. This situation 
necessitates the adoption of innovative methods to reduce emissions from power plants [3-5]. The 
ongoing use and consumption of fossil-based fuels in ICEs are leading to the exhaustion of limited 
fuel reserves, the release of harmful gases, the pollution of land and water bodies, climate change, 
and irreversible damage to the environment. At the current rate of use, British Petroleum has 
indicated that oil and gas reserves might be depleted over the course of the next five decades, while 
coal could run out in approximately 115 years [6-8]. As worldwide attention on protecting the 
atmosphere has increased, efforts to reduce automobile exhaust emissions are growing. Exploring 
alternative fuels and clean energy represents a promising approach for enhancing engine 
performance while decreasing the reliance on oil [9-12]. In the future, it is essential to adopt 
alternative fuels that nearly match the efficiency of current fuels to mitigate environmental pollution 
and greenhouse gas emissions by replacing high-carbon content fossil fuels. Although fuels derived 
from renewable sources may not satisfy our imminent energy demands, the emphasis is on 
enhancing engine efficiency and minimizing emissions. There is potential for innovation in engines 
that employ a combination of primary and alternative fuels through "dual fuelling" strategies to 
improve performance, thereby addressing the disproportionate use of gasoline [13,14]. 

The Energy Policy Act (EPAct) identifies a wide range of non-traditional fuels as alternative 
options. These include alcohols such as ethanol (specifically when blended with more than 85% 
gasoline), natural gas (NG) and its domestically produced liquefied forms, liquefied petroleum gas 
(LPG), liquid fuels derived from coal, hydrogen (H2), pure biodiesel (B100), and fuels made from 
biological materials other than alcohol. Additionally, it encompasses any fuel with a minimal 
petroleum base that provides significant benefits in terms of energy security and environmental 
improvement [15-17]. Alternative fuels produce different emissions; for example, NG produces 
reduced emissions of hydrocarbons (HC), carbon monoxide (CO), and particulate matter (PM), albeit 
with an increase in nitrogen oxide (NOx) emissions [18,19]. It stands out as an optimal alternative 
fuel due to its minimal carbon content. Owing to the adaptability of the injection system in a positive 
ignition engine, port fuel injection is the preferred method in NG engines instead of direct injection 
[20]. Alcohol-based fuels, especially ethanol and methanol, have become significant alternatives for 
eco-friendly transportation and energy production because they generally emit less carbon dioxide 
(CO2). Their higher-octane number (ON) makes them a good fit for SI engines, and they can also be 
used in lower blend ratios for compression ignition (CI) engines. There has already been considerable 
research and development on the use of alcohol fuels in SI engines because they produce low HC and 
CO emissions [21-23]. Biodiesel is combusted with diesel by various blends, which results in high NOx 
but low HC, CO, and PM emissions [24]. In recent years, the utilization of alternative fuels has 
increased in different countries, as shown in Figure 1 [25]. Due to the pollutants (NOx and PM) that 
diesel engines release, the use of gasoline fuel in passenger automobiles has once again become 
popular. Furthermore, research and development on the use of alternative and environmentally 
friendly fuels in passenger cars has been ongoing [26,27]. These types of fuels have gained attention 
owing to the scarcity of fossil fuels, environmental pollution, and increasing cost [28,29]. Alternative 
fuels are known as oxygenated biofuels; thus, they reduce exhaust emissions and dependence on 
fossil fuels [30]. Recently, alternative fuels have been blended with fossil fuels to increase the 
percentage use of alternative fuels with respect to fossil fuels [31-33]. 
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Fig. 1. Global fuel consumption of energy [25] 

 
A wide array of research has been undertaken to highlight the role of using alternative fuels in SI 

engines. Liang [34] discussed the physical and chemical properties of compressed natural gas (CNG) 
and the two modes of combustion (homogeneous premixed combustion and heterogeneous 
diffusion combustion) in ICEs. Furthermore, the impact of CNG on the performance of int was 
compared with that of gasoline engines. Duan et al., [35] aimed to enhance the combustion efficiency 
and reduce emissions in SI engines operating under conditions of lean combustion. This paper 
explores a dual-injection strategy that combines gasoline port injection (GPI) with natural gas direct 
injection (NDI). Kar et al., [36] carried out experiments on a 4-cylinder engine that was downsized 
and turbocharged, operated with SI and fuelled by either CNG through DI or GIs. Three distinct 
approaches for preparing fuel-air mixtures have been explored: running the engine at a 
stoichiometric ratio without adding external diluents, utilizing stoichiometric ratios while 
incorporating external exhaust gas recirculation (EGR), and implementing a lean burn strategy. Chen 
et al., [37] investigated the combustion properties and performance of a dual-fuel engine using a 
mixture of NG with methanol and with gasoline. Masum et al., [38] compared exhaust emissions from 
an SI engine using blends of ethanol-gasoline and methanol-gasoline to evaluate the effects of these 
blends compared to those of pure gasoline on the combustion process and the air-fuel equivalence 
ratio. Eyidogan et al., [39] indicated that engines fuelled with ethanol-gasoline (E5, E10) and 
methanol-gasoline (M5, M10) blends exhibited higher BSFFs than those fuelled with pure gasoline. 
Masum et al., [40] investigated the impact of multialcohol gasoline blends by optimizing fuel 
properties and comparing them to traditional ethanol blends such as E10/E15. Geo et al., [41] 
investigated the impact of blending different alcohols with gasoline on a commercial gasoline 
engine's performance. They compared benzyl alcohol (higher order) and ethanol (lower order) blends 
with gasoline, examining BTE, EGT, emission parameters, cylinder pressure, and the rate of heat 
release. Yusoff et al., [42] used a 1.6 L four-cylinder CamPro engine from PROTON Malaysia with 
different blends of ethanol and isobutanol with gasoline to study engine performance and exhaust 
emissions. Elfasakhany and Mahrous [43] reported that the addition of small amounts of n-butanol 
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and methanol to pure gasoline negatively impacts engine performance and exhaust gas emissions. 
Yusoff et al., [44] explored the impact of butanol isomers (n-butanol, sec-butanol, tert-butanol, and 
isobutanol) blended with gasoline at a 20% volume on a four-cylinder SI engine's performance and 
emissions. 

In this review, we will examine natural gas, hydrogen, and ethanol fuels based on various 
performance and emission parameters, including brake power (BP), brake specific fuel consumption 
(BSFC), brake thermal efficiency (BTE), and HC, CO2, CO, and NOx emissions. These parameters will 
provide the best insights into engine performance and emissions. However, there is a notable 
absence of a thorough review that summarizes and assesses the various alternatives along with their 
benefits and limitations, as well as their potential for broader adoption. Furthermore, alternative 
fuels are frequently evaluated in a competitive manner, suggesting the use of a single fuel for all 
applications. 
 
2. Natural Gas in SI engines 
 

Natural gas is a naturally occurring blend of hydrocarbon and nonhydrocarbon gases and is 
present in porous formations deep within the earth mixed with hydrocarbon gases. It serves as a 
substitute for traditional fuel in IC engines because it is clean, inexpensive, and more efficient than 
other alternative fuels. It can be used in IC engines in the form of liquefied natural gas (CNG) and 
liquefied natural gas (LNG). Compressed natural gas is used extensively due to its low cost and easy 
storage. Natural gas hydrates (NGHs), which are widely found in seafloor and permafrost zones, are 
viewed as potential replacements for fossil fuels that could eventually run out due to steadily rising 
energy demand. There are different NG hydrate resources, such as the distribution of gas hydrates, 
geologic characterization of gas hydrates, and categorization of gas hydrate deposit NGHs [45]. This 
fuel is used in IC engines because it is considered the cleanest fossil fuel for both CI and SI engines. 
This fuel has a relatively lower cost than fossil fuels [46,47]. It has low emissions compared to other 
fuels, as it has a high hydrogen-to-carbon ratio due to its high composition of methane, which is 
considered a renewable fuel because it is not only found in NG but is also produced from biomass. 
The properties of natural gas and gasoline are compared in Table 1 [48,49]. 

Compared with conventional fuels, natural gas has a higher ON (120:130), which is considered a 
good antiknock property and produces less CO2 emissions [50,51]. In general, it reduces carbon 
emissions [52]. It produces no sulphur or SOX emissions and produces approximately no particulate 
matter [53], but engines fuelled with NG have lower power and thermal efficiency than gasoline fuel 
[54,55]. Additionally, they are affected by knocking on the stratified combustion process for high-
pressure states [56]. According to the CFD analysis of spark ignition engines fuelled with NG at 
different compression ratios (CRs), 14:1 is the best ratio because it results in the lowest specific fuel 
consumption and CO and NOx emissions and provides the highest indicated power and indicated 
thermal efficiency, as shown in Figure 2 [57]. An increase in the prechamber area is proven to improve 
the ignition energy in the cylinder and cause complete combustion but late ignition timing. A suitable 
size of this chamber optimizes the ignition energy and ignition timing [53]. According to the energy 
and exergy efficiencies, NG has been proven to be better than gasoline due to its high CR, as NG has 
a high ON [58]. The BTE of the heavy-duty spark ignition engine increased as the CR increased, 
whereas the BSFC decreased as the CR increased. Furthermore, when the CR increased, the increase 
in the BTE and BSFC gradually decreased [59]. Due to the suitability of injection systems for positive 
ignition engines, port fuel injection (PFI) rather than direct injection is frequently used in NG engines. 
Nevertheless, methane, which has a 28-fold greater global warming potential than CO2, is quite likely 
to be emitted during valve overlap in PFI engines. The methane slip problem could be mitigated by 
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adjusting the timing of the intake and exhaust valves. However, few studies have investigated how 
valve timing variations affect engine performance and emissions in NG engines. 
 

Table 1 
Properties of natural gas versus gasoline [49] 
Parameter The Units Gasoline (G) Natural Gas (NG) 

Density kg/m³ 740 * -0.74 ** 
Octane number  95 -120 
Lower heating value (LHV) MJ/kg -44.0 -47.5 
Stoichiometric mixture (A/F) |kg/kg ~14.7/1 *** ~17.2/1 *** 
Boiling temperature °C 25-215 *** -162 *** 
Specific heat of vaporization kJ/kg ~380 ~550 
Freezing point °C -40 *** -162 *** 
Autoignition temperature °C ~400 ~540 
Adiabatic flame temperature °C ~2150 ~1890 
Flame spread rate m/s ~0.5 ~0.41 
H/C ratio  ~0.163 ~0.316 
Chemical element/component % (mass) Carbon: ~86.35 

Hydrogen: ~0.139 
Oxygen: ~0.025 

Methane: 91.97 
Ethane: 5.75 
Propane: 1.30 
Butane: 0.281 
Nitrogen: 0.562 
Carbon dioxide: 0.0 

* At 20 °C. ** at 0 °C and 101.3 kPa pressure. *** at 101.3 kPa pressure 

 

  

  
Fig. 2. Natural gas specifications at various CRs [57] 

 
2.1 Compressed Natural Gas (CNG) in SI Engines 
 

Compared to gasoline fuel, CNG has high efficiency, low emissions, and low specific fuel 
consumption in both PFE and DI systems. However, the combustion characteristics of DI-CNG are 
better than those of PFE-CNG [60,61]. Compared with liquid fuel (gasoline), CNG has insufficient 
power generated for an engine of the same capacity [62,63]. Compressed natural gas (CNG) was 
found to have a greater energy output in relation to the engine load than did gasoline. Compared to 
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gasoline, the longer combustion time and higher combustion temperature of CNG result in greater 
energy losses due to wall heat transfer and exhaust gases. As a result, CNG has a greater energy 
portion that matches the exhaust gas and wall heat transfer. By decreasing the energy destruction 
caused by wall heat transfer, exhaust losses, and unaccounted losses, CNG can perform more 
efficiently than gasoline [62,64], and the properties of CNG are shown in Table 2 compared to those 
of hydrous ethanol [65]. Some of the previous authors have performed experiments and research 
that has proven the benefits of using natural gas in spark Ignition (SI) Engines. When comparing the 
combustion of CNG and gasoline in direct injection SI engines, CNG produced lower CO2 emissions 
(16%:19% lower than gasoline), higher efficiency at high loads, and the same efficiency at partial 
loads [66]. When using a PFI system with either CNG or gasoline, CNG decreases brake power (BP) by 
19%; CO2, NOx, CO, and HC emissions by 50%, 20%, 90%, and 96%, respectively; and brake specific 
energy consumption (BSEC) by 14% [67]. DI CNG provides better scavenging than does PFI CNG [68]. 
A direct injection (DI) system has been shown to provide high brake power for a four-cylinder, four-
stroke cycle using CNG at different speeds (8-9% higher than that of PI) [69]. Brake power is affected 
by ignition timing, as it has been shown that an advance in ignition timing increases brake power 
[70]. Gasoline 97 has high brake power (28.8% increase) compared to CNG [71]. The specific fuel 
consumption (SFC) of CNG is lower than that of gasoline under light loads [72]. The BSFC 
demonstrates an improvement in fuel consumption at 7% CNG whenever the engine reaches its 
maximum power at various speeds. Throughout the speed range, the thermal efficiency of CNG is 
consistently greater than that of gasoline. At 4000 and 5000 rpm, the maximum BTE was found to be 
25.5% for gasoline and 29% for CNG [73]. Three different types of piston bowls with two CRs (11.5:1 
and 12.5:1) were studied. PS1 and PS2 are concentric bowls, and PS3 is an eccentric bowl. At full 
loads, PS1 provided the best BSFC at a CR of 11.5:1 [74]. After using different equivalence ratios, CNG 
has a lower BSFC than gasoline when the equivalence ratio is 0.7–1.2, but the BSFC starts to increase 
when the equivalence ratio is 1.3–1.4. The brake thermal efficiency depends on the equivalence ratio. 
The BTE of all fuels increases with increasing equivalence ratio until approximately the stoichiometric 
point and then slightly decreases. The average BTE differences between CNG and G9C1 and between 
CNG and gasoline are 10.2% and 3.5%, respectively [75]. A high CR causes knocking when using 
gasoline fuel, while CNG causes no knocking because it has a high ON. An increase in the CR increases 
the ITE (indicated thermal efficiency), flame development speed, and ISCO2 emission but decreases 
the FDA (flame development angle) and CD (combustion duration) ISCO and ISHC emissions. The FDA 
and CD of gasoline fuel at 12 CR can be obtained by 16 CR-CNG [76]. An increase in the CR increases 
the total FC with increasing BP [77]. The BTE of CNG is greater than that of gasoline [78,79]. 

In comparison to (G)92, CNG had reduced exhaust emission contents of HC (52.36%), CO 
(44.68%), and NOx (25.43%) [80]. It has been found that CNG has a lower brake mean effective 
pressure than BMEP and BSFC and has a higher efficiency and reduced emissions of CO, CO2, and HC, 
although it produces more NOx than gasoline does [81]. This study evaluated the effect of using CNG 
with different caloric values on engine parameters, aiming to assess how various compositions of NG 
influence the engine's full-load performance and emission characteristics in compliance with 
emission standards [82]. When using CNG in a turbocharged SI engine, CNG enhances the TE and 
reduces CO2 emissions despite lower load capacities due to its PI system. However, it increases NOx 
emissions. A higher ON of CNG allows for improved combustion efficiency and advanced spark timing, 
making it a viable alternative to gasoline [83]. A study comparing engine performance and exhaust 
emissions between gasoline and CNG in a retrofitted IS car engine revealed that CNG reduced BP and 
SFC but increased BTE and EGT, especially at higher throttle positions. Despite higher NOx emissions, 
CNG significantly lowered other harmful emissions (HC, CO, O2, and CO2) compared to gasoline [84]. 
A study demonstrated that a new SI engine design incorporating a passive prechamber ignition 
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concept, high CR, and Miller cycle not only improves the indicated efficiency by approximately 3% 
under high load/speed conditions but also significantly reduces fuel consumption by 15% and CO2 
emissions by 25% in simulated driving cycles compared to those of conventional gasoline engines 
[85]. An experimental study on an SI engine fuelled with CNG, comparing standard gasoline, 
commercial, and novel CNG conversion kits, showed that the novel kit matched the low throttle 
power and exceeded the high throttle power of the commercial kit, with lower CO and HC emissions 
at higher loads [86]. A study investigated how the NG composition affects CNG engine combustion 
and emissions, highlighting the impact on the engine power, T, BMEP, and BSFC under full load 
conditions. It proposes a correlation between MN and engine power, offering a method to estimate 
power variations with different NG [87]. Studying the performance of a dual-fuel IC engine running 
on CNG and gasoline indicated that CNG offers higher exergy efficiency at all engine speeds, despite 
lower power and T due to VE drop. This highlights that while CNG reduces SFC, gasoline's higher 
volumetric energy density and ease of storage are significant advantages [88]. The previous studies 
of CNG are provided in Table 3. 
 
2.2 Hydrogen-enriched Compressed Natural Gas HCNG 
 

Hydrogen is seen as a promising future fuel for internal combustion engines because of its lack of 
carbon emissions. However, there are significant hurdles to overcome before hydrogen can reach 
mainstream levels in the transport sector. Currently, the shortage of hydrogen infrastructure and 
refueling options is slowing the rollout of hydrogen-fuelled vehicles. One interesting workaround is 
blending hydrogen with CNG, which takes advantage of hydrogen's unique qualities while lessening 
the immediate need for pure hydrogen. This approach is compatible with the existing NG 
infrastructure [89,90]. Hydrogen is a high-efficiency alternative fuel with outstanding qualities. The 
entrance of hydrogen-powered vehicles into the transportation industry is expected to reduce fuel 
consumption and air pollution caused by exhaust emissions [91,92]. Hydrogen (H2), which is the 
lightest gas, possesses excellent combustion characteristics, including broad flammability ranges, 
minimal ignition energy requirements, rapid flame propagation, and virtually zero emissions [93,94]. 
Hydrogen can be blended with CNG in small volume or energy percentages to enhance combustion 
characteristics and yield considerable improvements in engine performance and emission 
reductions. Consequently, numerous studies have introduced hydrogen into NG in acceptable 
proportions by volume, ranging from 2% to 50%, for use in IC engines. 
 

Table 2 
Properties of CNG [65] 
Property Hydrous ethanol (E100) Compressed Natural gas (CNG) 

Composition (%vol) C2H6O – 95.1% 
H2O – 4.9% 

CH4 – 89% 
C2H6 – 6% 
C3H8 – 1.8% 
CO2 – 1.5% 
N2 – 0.7%/Others – 1% 

Density at 1 atm and 15 °C (kg/m³) 805.2 0.71 
Motor octane number 91.8 120 
Research octane number > 100 120 
Auto ignition temperature (°C) 363 540 
Lower heating value (LHV) (MJ/kg) 24.76 49 
Stoichiometric air fuel ratio 8.36 17.08 
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Table 3 
Previous studies on CNG 
Study ID Engine Type Performance Improvements Performance Declines Fuel Consumption 

Changes 
Emissions Reductions Emissions Increases 

Li et al., [60], 
Melaika et 
al., [61] 

DI-CNG, SI 
Engine 

Highest engine efficiency, 
lowest SFC. 

- Lowest SFC. Further reductions in 
particulates compared to 
GDI and PFI-CNG 

- 

PFI-CNG, SI 
Engine 

Improved engine efficiency 
over GDI. 

- Reduced SFC 
compared to GDI. 

Reduced CO, CO2, HC, 
and NOx emissions 
compared to GDI. 

- 

GDI, SI Engine Shorter combustion 
duration. 

- Higher SFC. - Higher THC and CO 
emissions compared to 
CNG systems. 

Tahir et al., 
[63] 

Single cylinder 
SI engine 

Lower heat transfer rate 
compared to gasoline, 
potentially better for engine 
lifespan due to lower 
operating temperatures 

18.5% lower power 
output compared to 
gasoline, 20% less 
cylinder pressure with 
CNG, 23% less heat 
transfer rate with CNG 

- Lower emissions due to 
CNG’s cleaner burning 
properties 

- 

Sahoo and 
Srivastava 
[64] 

Single-cylinder, 
four-stroke, 
water-cooled, 
spark ignition 

Higher output energy, TE, 
exergy efficiency (26.80% at 
30 Nm load compared to 
gasoline's 25.50%), lower 
unaccounted energy 
fraction, lower exergy 
destruction at all loads. 

Higher engine wall 
heat transfers due to 
high combustion 
chamber temperature 
and lower burning 
velocity 

Lower BSFC 
compared to 
gasoline. 

Potentially lower 
emissions due to higher 
efficiency and combustion 
characteristics. 

- 

da Costa et 
al., [65] 

Single-cylinder, 
SI CNG/E100 
dual-fuel 

Operating in dual-fuel mode 
enhances fuel conversion 
efficiency over exclusive 
CNG use, thanks to 
improved combustion 
timing and reduced 
emissions of CO and HCs. 
Implementing internal EGR 
further boosts efficiency 
due to reduced pumping 
losses and diminished wall 
heat transfer. 

Internal EGR 
deteriorates the 
combustion process, 
including aspects like 
ignition delay, duration 
of combustion, and 
stability, but it 
enhances efficiency 
through the reduction 
of pumping losses and 
heat transfer to the 
walls. 
 

- NOx emissions increase 
with dual-fuel operation 
but are significantly 
reduced (up to 70%) with 
iEGR. CO and HCs 
emissions are lower in 
dual-fuel mode compared 
to CNG-only operation. 

- 
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Kar et al., 
[66] 

4-cylinder, 
downsized, 
boosted spark 
ignition 

DI CNG achieved 
performance comparable to 
the baseline GDI engine 
under stoichiometric 
conditions, delivering peak 
torque at lower engine 
speeds and providing 
significant advantages in 
fuel economy. Lean burn 
with DI CNG demonstrated 
higher BTE than 
stoichiometric operation 
with external EGR. 

- DI CNG showed 
lower total CO2 
equivalent 
emissions than GDI, 
indicating fuel 
economy benefits. 

DI CNG operation 
consistently resulted in 
lower total CO2 
equivalent emissions 
compared to Gasoline 
Direct Injection (GDI) 
across a range of 
operating conditions. 
 

NOx emissions rise 
when operating on dual-
fuel compared to using 
CNG alone. 
Top of Form 
 

Duc et al., 
[67] 

Single-cylinder, 
PFI, SI engine. 

- 19% decrease in BP, 
14% increase in BSEC 

- CO2 emissions are 
reduced by up to 50%, 
NOx emissions see a 
decrease of 20%, while CO 
and HC emissions are 
lowered by up to 90% and 
96%, respectively. 
 

- 

Patel and 
Brahmbhatt 
[69] 

Maruti Esteem's 
4-cylinder, 4-
stroke, water-
cooled petrol 
engine 

CNG-DI system exhibited an 
average 7-8% reduction in 
BSFC, 8-9% higher brake 
torque leading to higher BP, 
and 6-7% higher BTE 
compared to CNG-PI system. 

- Average 7-8% lower 
BSFC in CNG-DI 
compared to CNG-
PI system. 

- - 

El-Sharkawy 
et al., [70] 

G4EH Gasoline 
Engine 
(Modified for 
CNG)  

Advancing the static ignition 
timing from 15° BTDC to 24° 
BTDC at full load led to 
enhancements BP by 4.07%, 
brake torque by 4.67%, BTE 
by 3.58%, and HC emissions 
reduction by 4.89%. 
Top of Form 
 

- Advancing static 
ignition timing 
reduced BSFC, 
indicating improved 
fuel efficiency.  

A slight reduction in CO2 
emissions was noted.
  

Advancing static ignition 
timing increased HC due 
to more fuel-air mixture 
being pushed into 
crevices volumes. 
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Usman and 
Hayat [71] 

Single cylinder, 
4-stroke, SI, 
water cooled 
 

- G97 showed 28.8% 
increase in BP 
compared to CNG 

CNG exhibited a 
17.2% decrease in 
BSFC compared to 
G97 

CNG had lower emission 
contents compared to 
G97: 59.7% lower HC, 
43.6% lower CO, 19% 
lower CO2, and 20.1% 
lower NOx emissions 

- 

Yontar and 
Doğu [72] 

Honda L13A4 i-
DSI (Dual 
Sequential 
Ignition Engine) 

- Utilizing CNG results in 
a decrease across all 
engine performance 
metrics, including 
torque, power, VE, and 
SFC, compared to 
gasoline. 

SFC increases with 
CNG 

Reductions in CO2 and HC 
emissions with CNG 

NOx emissions remain a 
concern with CNG, 
though specific results 
for increases or 
decreases are tied to 
operational conditions 
(not detailed in the 
excerpt) 

Nor Hisham 
et al., [73] 

Renault F3R 
Engine 

- CNG reduced BP and 
BMEP by 
approximately 16%. 

CNG shows 
improvement in 
SFC by 
approximately 7% 
when achieving 
peak power. 

- - 

Le et al., [74] Single cylinder 
diesel engine 
converted to PI 
CNG engine 

Employing a concentric 
bowl-in-piston design with a 
CR of 11.5:1 led to the 
lowest BSFC and the highest 
BP. 
 
 

- Significant impact 
of piston-top shape 
and CR on 
combustion 
efficiency, with an 
optimal 
combination found 
for high 
combustion 
efficiency.  

- - 

Yontar and 
Doğu [75] 

Honda L13A4 i-
DSI (Dual 
Sequential 
Ignition Engine) 

- - - CNG and Gasoline-CNG 
mixture reduce CO2, CO, 
HC emissions except for 
NOx, where CNG has the 
highest NOx emissions
  

NOx emissions were 
higher for CNG 
compared to gasoline 
and Gasoline-CNG 
mixture 
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Sahoo and 
Srivastava 
[76] 

Single-cylinder, 
four-stroke, PFI, 
SI engine
  

At higher CR (up to 16 for 
CNG), improved TE were 
observed for CNG compared 
to gasoline.  

Knock intensity was 
high at CR 12 and 7 bar 
IMEP for gasoline, 
limiting maximum CR 
for gasoline to 12 due 
to knock. No knock 
observed for CNG even 
at CR 16.  

CNG showed 
improved FC and TE 
at higher CR 
compared to 
gasoline.  

Under full load operating 
conditions, a CNG engine 
emits 15-30% less CO and 
10-13% less CO2 
compared to a gasoline 
engine. 
Top of Form 
 

- 

Gowtham et 
al., [77] 

Two-Stroke SI 
Engine (Yamaha 
RX100)  

Increased fuel efficiency and 
output at higher CRs under 
half load conditions. High 
torque achieved at lower 
CRs due to increased pulling 
capacity of the engine.  

 - Total fuel 
consumption 
increased with 
capacity at the least 
CRs but decreased 
with an increase in 
CR due to improved 
combustion 
efficiency.  

CO and HC emissions are 
reduced due to more 
complete combustion 
achieved at CRs. 
 
 
 

NOx emissions increase 
due to higher BTE at 
high CRs, but specific CO 
emissions are reduced 
due to lower fuel 
efficiency at lower CR%. 

Usman et 
al., [80] 

Single-cylinder, 
four-stroke, SI 
engine.  

- Gasoline (G)92 showed 
a 39.93% increase in 
BP compared to CNG.
  

CNG exhibited a 
reduction in BSEC 
by 7.94% compared 
to Gasoline (G)92. 
Top of Form 
 

CNG led to significant 
reductions in HC (52.36%), 
CO (44.68%), NOx 
(25.43%), and CO2 
emissions compared to 
Gasoline (G)92.  

- 

Aslam et al., 
[81] 

1.5 L 4-cylinder 
Proton Magma 
SI car engine
  

Higher efficiency and lower 
emissions of CO, CO2, HC 
with CNG.  

Low BMEP and BSFC 
with CNG. 

CNG shows higher 
efficiency and 
lower BSFC 
compared to 
gasoline.  

Significant reductions in 
CO, CO2, HC emissions 
with CNG.  

More NOx emissions 
with CNG compared to 
gasoline. 

Park et al., 
[82] 

11 L Inline Six-
Cylinder NG 
Engine. (CNG 
with different 
caloric values) 

Torque increases 
proportionally with the 
caloric value of CNG.  

Torque increases 
proportionally with the 
caloric value of CNG.
  

FC is inversely 
proportional to the 
caloric value, with 
lower caloric value 
gases requiring 
more fuel to 
maintain 
performance.  

- Using gas with a lower 
caloric value than the 
reference fuel slightly 
increases CO emissions 
and significantly 
increases NOx 
emissions. However, 
after adaptive learning 
calibration, NOx 
emissions are reduced 
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below the emission 
limit. 

Lee et al., 
[83] 

11 L Inline Six-
Cylinder NG 
Engine  

Enhanced TE under 
maximum load conditions 
was achieved by advancing 
the spark timing, 
attributable to the higher 
ON of CNG. 
 
 
 
 

Maximum loads were 
found to be 4-23% 
lower than those of 
GDI engines, a 
consequence of 
utilizing a PI system. 
Top of Form 
 

FC is inversely 
proportional to the 
caloric value, with 
lower caloric value 
gases requiring 
more fuel to 
maintain 
performance. 

Engine-out NOx emissions 
from CNG PFI combustion 
were higher compared to 
GDI combustion. 
However, lower CO2 
emissions with higher 
combustion efficiency 
were attainable. 
Top of Form 
 

Using gas with a lower 
caloric value than the 
reference fuel slightly 
increases CO emissions 
and significantly 
increases NOx 
emissions, which can be 
reduced below the 
emission limit after 
adaptive learning 
calibration. 

Jahirul et al., 
[84] 

1.6 L 4-cylinder 
petrol engine 
retrofitted to 
CNG  

1.6% higher BTE with CNG at 
80% throttle, 24.21% higher 
EGT indicating more 
complete combustion. 

There was a 19.25% 
reduction in BP with 
CNG at a 50% throttle 
position and a 10.86% 
reduction at an 80% 
throttle position, 
respectively. 

When fueled with 
CNG, there was a 
15.96% reduction in 
BSFC at a 50% 
throttle position 
and a 14.68% 
reduction at an 
80% throttle 
position, 
respectively. 

Significant reductions in 
HC, CO, and CO2 
emissions with CNG
  

Over the speed range of 
1500–5500 rpm at 80% 
throttle, CNG usage 
resulted in an average of 
40.84% higher NOx 
emissions compared to 
gasoline. 
 

Payri et al., 
[85] 

SI Engine with 
passive 
prechamber
  

3% increase in indicated 
efficiency at high 
load/speed conditions, 
improved performance with 
EGR at low-end torque 
region  

- 15% reduction in 
fuel consumption 
during WLTP 
driving-cycle 
simulations  

25% reduction in CO2 
emissions during WLTP 
driving-cycle simulations
  

- 

Putrasari et 
al., [86] 

Honda L15A 
four cylinders 
1497 cm3 SI 
engine  

Maximum BP improved with 
proposed CNG conversion 
kit at higher throttle 
positions.  

- - CO and HC emissions 
lower at 80% throttle 
position compared to 25% 
for both commercially and 
proposed CNG conversion 
kits.  

- 

Kakaee and 
Karimi [87] 

1.65 L 4-cylinder 
EF7 CNG Engine
  

Increased BMEP, BTE, 
power, and torque with 
higher Methane Number 

- Best BSFC observed 
for Gas A, with 
BSFC increasing 

- - 
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(MN). A linear equation was 
proposed to predict the 
change in power as a 
function of MN, indicating a 
direct relationship between 
MN and engine power. 

significantly for 
fuels with higher 
MN at engine 
speeds over 3000 
RPM.  

Ameri et al., 
[88] 

Four-cylinder, 
four-stroke Iran 
Khodro XU7 
JPL3 1.8 L SI 
engine  

CNG-fuel showed higher 
exergy efficiency than 
gasoline at all engine 
speeds.  

Power and torque of 
the CNG-fuel engine 
are lower than for the 
gasoline-fuel engine 
due to VE drop. 

SFC of the CNG-fuel 
engine is lower 
than for the 
gasoline-fuel 
engine.  

- - 
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The reduced emissions from vehicles fuelled by HCNG could assist in adhering to strict emission 
standards [95,96]. Hydrogen is renewable, and the quantity of energy required to produce it is 
minimal. In terms of direct injection, hydrogen engines exceed gasoline engines by approximately 
30%. Because hydrogen has a greater ON than gasoline, it can run at a higher CR. Compared to the 
breaking power, the thermal efficiency of hydrogen has demonstrated its commendable 
performance. Furthermore, harmful chemical emissions are lower for hydrogen than for gasoline 
[14]. Compared to CNG, hydrogen significantly enhances brake power and reduces CO and HC 
emissions to zero, positioning it as the most effective fuel for reducing carbon-based emissions, 
despite a slight increase in NOx emissions [97,98]. 

Hence, the studies done on hydrogen-enriched Natural Gas (HCNG) blends show enhancement 
of performance and reduction of emissions. Therefore, converting to HCNG blends (15% and 25% H2 
by volume) led to a 15–20% improvement in BTE. 7% at low load and 19% at high load respectively, 
as translated into average AWCs. 4% at high load. Furthermore, HCNG blends decreased the CO and 
HC emission by a staggering 50% and 90% respectively, while SOx emissions only increased by a 
marginal level because of the higher combustion temperatures [99]. A study evaluated the 
performance and emissions of a commercially available CNG vehicle retrofitted with a sequential 
injection kit using gasoline, CNG, and hydrogen-blended CNG (HCNG 10% and HCNG 18%) as fuels in 
a Spark Ignited (SI) MPFI engine. The results show that HCNG blends improve torque and power by 
up to 6% and 4%, respectively, and reduce fuel consumption and emissions of CO, HC, and CO2 
compared to CNG, with an increase in NOx emissions, demonstrating the kit's suitability for HCNG 
blends [78]. A study examined unregulated emissions from a heavy-duty six-cylinder engine fuelled 
with CNG and HCNG using a transient engine dynamometer and Fourier transform infrared 
spectroscopy gas analyser for measurement. HCNG significantly reduces both regulated emissions 
(CO, NO, HC, and PM) and several unregulated emissions, although it slightly increases methanol, 
ethanol, formaldehyde, and acetaldehyde, suggesting that HCNG has potential as a promising fuel 
for the transport sector and is compatible with exhaust after-treatment devices [100]. Using five 
hydrogen energy share levels, a study measured the effects of hydrogen enrichment on combustion 
stability in a natural gas SI engine, focusing on metrics such as peak combustion pressure and 
combustion duration. The results showed that higher hydrogen shares significantly reduced cycle-to-
cycle variability and improved combustion efficiency, with a strong correlation between peak 
combustion pressure and the CA50 combustion phase across all levels [101]. A laser-ignited engine 
prototype running on HCNG was developed to compare its performance, emissions, and combustion 
characteristics against those of traditional spark ignition (SI) methods. The findings revealed that 
using maximum brake torque (MBT) timing in laser ignition mode significantly enhanced engine 
efficiency, reduced emissions, and minimized cycle-to-cycle variations, especially at an optimum CA 
of 31° CA before the top dead centre (BTDC), demonstrating the potential of laser ignition for 
improving HCNG engine performance [102]. An experiment in which a diesel engine was modified to 
operate on CNG, H2, and HCNG with laser ignition demonstrated notable enhancements in engine 
performance and emissions. Specifically, laser ignition increased the engine torque, improved the 
brake thermal efficiency up to 38.6% for HCNG, and reduced the fuel consumption and exhaust gas 
temperature. Additionally, it led to lower CO and NOx emissions, particularly with hydrogen-enriched 
fuel, underscoring the effectiveness of laser ignition in improving both efficiency and environmental 
impact [103]. 

A CFD simulation was conducted to evaluate the impact of hydrogen enrichment on combustion 
and emissions in a large-bore medium-speed NG engine using prechamber-initiated turbulent jet 
ignition. The results indicate that increasing hydrogen levels up to 30% enhances combustion 
efficiency and reduces emissions of CO, total HCs, and nonmethane hydrocarbons, while NOx 
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emissions increase [104]. A study investigated the laser ignition of HCNG for improving ICE 
performance and emissions using a Q-switched Nd:YAG laser. The findings revealed that hydrogen 
enrichment expands the lean-burn limit and accelerates flame kernel development, leading to an 
advanced start of combustion and reduced combustion duration, thereby enhancing lean-burn 
combustion capabilities and efficiency in spark ignition engines [105]. This study investigated the 
impact of the excess air ratio and ignition advance angle on the combustion and emission 
characteristics of HCNG in a 6-cylinder CNG engine with blends of 0%, 20%, and 40% hydrogen. The 
results indicate that hydrogen blending enhances combustion stability and reduces CO and CH4 
emissions [106]. A study explored the impact of direct injection of hydrogen on the lean combustion 
efficiency of natural gas IC engines using a dual-fuel optical engine with high compression. The results 
demonstrate that hydrogen significantly enhances combustion stability and power output, with late 
injection timings boosting thermal efficiency due to faster flame propagation and improved 
combustion phasing. This study highlights how increased volumetric efficiency and in-cylinder 
turbulence at different hydrogen injection timings optimize combustion, offering valuable insights 
for enhancing NG engine performance under lean conditions [107]. A study examined the impact of 
two-step fuel injection in a modified four-cylinder engine using HCNG, with initial CNG injection into 
the air manifold followed by direct cylinder injection of HCNG. Using AVL software for analysis, the 
results showed that a 30% HCNG blend increases brake power, thermal efficiency, and in-cylinder 
pressure by up to 13.64%, reduces specific fuel consumption by up to 18%, and lowers CO and HC by 
up to 14% but increases NOx emissions due to higher exhaust gas temperatures [108]. A port-fuel-
injection (PFI) SI engine was tested using HCNG mixtures in both SI and LI modes, demonstrating 
improved performance over that of the baseline CNG. Hydrogen enrichment significantly increased 
the in-cylinder peak pressure, rate of pressure rise, and heat release rate, with the LI mode achieving 
a maximum brake thermal efficiency of ~42.8% for 30HCNG and lower HC emissions than the SI 
mode. Additionally, BSNOx emissions were lower for HCNG than for CNG, demonstrating the 
potential of HCNG and laser ignition for enhancing engine efficiency and reducing emissions [109]. 

Through a virtual model of an 11-L CNG engine adapted for HCNG use and a parametric study 
using the Latin hypercube sampling method, this study assessed the impact of hydrogen addition (6–
10%) on engine performance and emissions at different speeds (1000, 1300, and 1500 rpm) under 
full load. The results indicate that hydrogen-enriched HCNG engines can achieve torque and BSFC 
comparable to those of traditional methane engines, with NOx emissions similar to those of base 
engines at mid-range speeds, underscoring the potential of hydrogen for enhancing engine efficiency 
and reducing emissions [110]. Using experimental and AVL Boost simulation analyses on a Renault 
HR09DET engine fuelled by gasoline, CNG, and hydrogen-enriched CNG, the study revealed that 
hydrogen enrichment significantly lowered HC and CO emissions by up to 65% and 55%, respectively, 
with a slight 15% reduction in NOx emissions compared to gasoline. This further indicates that the 
engine's efficiency could be improved by increasing the CR, capitalizing on the higher ONs of CNG 
and hydrogen without reaching the knock limit [111]. A 1D simulation model of an HCNG SI engine 
was developed, validated with experimental data, and used to compare four EGR systems (low-
pressure LP, high-pressure HP, combined HP-LP, and internal EGR) in terms of combustion, 
performance, and emissions. The study revealed that HP EGR yielded the lowest NOx emissions, while 
a combination of 10% HP and 5% LP EGR achieved the highest thermal efficiency. Internal EGR 
effectiveness was linked to exhaust valve timing and influenced by intake and exhaust system waves, 
affecting gas exchange and volumetric efficiency [112]. Chinese research on HCNG engines shows 
that hydrogen enrichment enhances combustion efficiency and reduces emissions, including THC, 
CO, and CH4, despite the potential increase in NOx emissions. Optimizing ignition timing and air-fuel 
ratios can maintain high thermal efficiency with regulated NOx levels, highlighting HCNG's potential 
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for improving environmental performance and its successful application in city buses [113]. An 
experimental study on a single-cylinder HCNG engine demonstrated that hydrogen-enriched CNG 
outperforms conventional CNG by increasing power, torque, and combustion stability while reducing 
emissions. Specifically, hydrogen addition enhances BTE, lowers fuel consumption, and improves 
combustion parameters, with a 30% HCNG blend showing the best performance and emission 
benefits, highlighting HCNG's potential as an effective alternative to conventional automotive fuels 
[114]. An experimental study on a marine NG engine explored the ability of the REGR technique to 
enhance lean burn combustion and meet strict maritime emission regulations. By adding a hydrogen-
rich reformate to the engine, a study revealed that as lean-burn limits increase, combustion efficiency 
improves, and NOx emissions initially increase and then decrease with increasing reformate addition, 
suggesting that REGR has the potential to balance NOx emissions with fuel efficiency under 
International Maritime Organization Tier III standards [115]. The Volkswagen Polo 1.4 was adapted 
for hydrogen fuel through modifications to its inlet manifold, gas injectors, oil radiator, and electronic 
management unit, achieving optimal operation with lean air-hydrogen mixes and low NOx emissions. 
The hydrogen engine demonstrated superior brake thermal efficiency over its gasoline version, 
except in very lean or high-speed conditions, with a best brake torque of 63 Nm at 3800 rpm and a 
maximum power of 32 kW at 5000 rpm, indicating its capability for urban and moderately inclined 
driving [116]. A study evaluated the impact of CNG-H2 on the performance and emissions of an SI 
engine at constant speed and varied air‒fuel ratios. While adding hydrogen increases brake specific 
energy consumption, particularly in lean mixtures, it substantially reduces emissions such as CO and 
HC, highlighting CNG-H2’s potential for cleaner engine operation [117]. 

A study evaluated the efficacy of using HCNG in conventional CNG vehicles utilizing a 
commercially available CNG carburation kit for testing on an SI MPFI engine across various fuels, 
including gasoline, CNG, and HCNG blends (10% and 18%). The results indicated that compared with 
CNG, HCNG blends significantly enhance engine torque (up to 6%) and power (up to 4%) while 
reducing fuel consumption and emissions of CO, HC, and CO2, albeit with a noted increase in NOx 
emissions, thereby demonstrating the compatibility and benefits of HCNG in improving engine 
performance and emissions [78]. A study conducted experiments on a turbocharged SI engine using 
various HCNG mixtures, adjusting excess air ratios, ignition timings, and manifold absolute pressures, 
with a constant engine speed of 1600 rpm. These experiments aimed to gather data on how HCNG 
blends affect engine torque and BSFC, as well as emissions such as NOx, CO, THC, and CH4, revealing 
that torque decreases while BSFC and emissions vary with changes in the engine's operating 
conditions [118]. The emissions from HCNG mixtures in a single-cylinder SI engine were evaluated 
and compared to baseline CNG emissions. The results indicate that HCNG significantly lowers CO2, 
HC, and CO emissions, albeit with increased NOx emissions. The 30% HCNG blend showed the lowest 
knock intensity, highlighting HCNG’s potential to improve emissions and reduce knock in IC engines 
while decreasing greenhouse gas emissions by reducing fuel carbon intensity [48]. In a comparative 
study on a dual-fuel SI engine using gasoline and hydrogen, it was found that hydrogen addition, 
especially in a stratified manner, significantly improved brake thermal efficiency, particularly under 
lean conditions, by stabilizing ignition and accelerating combustion. However, while stratified 
hydrogen injection reduces CO and increases NOX and HC emissions due to higher combustion 
temperatures and varied hydrogen concentrations near the ignition source, it considerably improves 
the combustion efficiency and emission profile over homogeneous hydrogen distribution [119]. 
Testing HCNG blends in an SI engine revealed that increasing the hydrogen percentage significantly 
reduced the CO, CO2, and HC emissions while enhancing the BTE without notably reducing the 
indicated TE or NOx at the maximum brake torque ignition timing. This suggests that costly 
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retrofitting for variable spark timing may be unnecessary for improving performance and emissions 
in on-road vehicles using HCNG blends [120]. The previous studies of HCNG are provided in Table 4. 
 
3. Ethanol Fuel in SI Engines 
 

Alcohol-based fuels such as ethanol and methanol have beneficial properties for SI engines, 
including resistance to knocking, a high oxygen content that promotes clean combustion, a high 
temperature required for autoignition, a low freezing point, and substantial latent heat during 
vaporization. These previously mentioned properties play an important role in enhancing combustion 
efficiency, improving overall engine performance, and reducing emissions [121]. Additionally, alcohol 
fuels can directly reduce emissions from different engine types, such as SI, CI, and homogeneous 
charge compression ignition (HCCI) engines [122]. Alcohol fuels, including methanol, ethanol, 
butanol, and pentanol, have various advantages in IC engines. The addition of these fuels to primary 
fuel has been extensively studied [123]. These fuels have been found to achieve the highest 
performance while producing minimal exhaust emissions [124]. Alcohol fuels have a high enthalpy of 
vaporization and ONs. This means that using dual injection systems for alcohol and gasoline can 
enhance engine knocking, combustion efficiency, and engine performance [125]. The high enthalpy 
of alcohols not only results in reduced NOx emissions but also contributes to lowering HC, CO, and 
CO2 emissions. Furthermore, it enhances engine torque and improves BSFC [126,127]. Moreover, the 
use of alcohol-blended fuels in small gasoline engines has been observed to impact combustion 
characteristics, resulting in decreased emissions and enhanced thermal efficiency [128]. 

Ethanol is a biofuel that can be produced from various materials, such as corn or sugarcane, as 
shown in Figure 3. The production of bioethanol from biomass is one method for reducing crude oil 
consumption and environmental pollution. Bioethanol is suitable for mixed fuel in gasoline engines 
due to its high NOx however, its low cetane number and high heat of vaporization prevent self-
ignition in diesel engines [129-131]. Figure 4 shows that the United States generates almost 57% of 
bioethanol, while Europe accounts for only 6%. Each country's share is less than 27%, with Brazil 
being the second greatest producer [132,133]. The net heating value of ethanol is approximately 33% 
lower than that of gasoline when measured by volume, as shown in Table 5. The NHV, which is the 
same as the lower heating value or the net heat of combustion, indicates that as the proportion of 
ethanol increases in a fuel blend, the energy content decreases. Consequently, engines using ethanol-
blended fuel will experience a reduction in miles per gallon (mpg) and driving range for a set tank 
size. However, this decrease in fuel economy can be somewhat compensated for by enhanced 
thermal efficiency. The engine’s full load torque and the heat discharged each cycle are proportional 
to the quantity of fresh air confined in each cycle and the fuel’s heating value per mass of that air. 
Standard gasoline and pure ethanol display comparable net heating values per mass of air under 
stoichiometric conditions, suggesting that the engine's torque per mass of air should be similar, 
assuming equal TEs. The enthalpy of vaporization indicates the energy needed to vaporize a liquid 
fuel. In DIEs, the cooling effect on the incoming air charge and the resulting suppression of engine 
knock due to fuel evaporation are linked to the amount of fuel per mass of air. Ethanol has a 
stoichiometric air‒fuel ratio of 9.0, while that of gasoline is approximately 14.6, which varies with its 
composition. This means that, at stoichiometric levels, a greater mass of ethanol is required for a 
given mass of air than for gasoline. The heat of vaporization of ethanol is approximately 2.6 times 
greater than that of gasoline per unit mass of fuel and approximately 4.2 times greater per unit mass 
of a stoichiometric mixture. Ethanol has a lower molecular weight (46 g/mole) than typical gasoline 
hydrocarbons (95 - 115 g/mole), resulting in ethanol having a higher mole fraction in a blend than 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 122, Issue 1 (2024) 118-162 

 

135 
 

what would be suggested by its volume fraction alone. The addition of ethanol to gasoline leads to 
an increase in the vapour pressure of the mixture [134]. 

Ethanol works well as an alternative to gasoline in engines that start with a spark. It helps prevent 
the fuel from igniting too soon and can be used on its own or mixed with regular fossil fuels due to 
its physical and chemical properties [136-138]. Ethanol has gained significant attention as an 
alternative fuel due to its potential to substantially reduce greenhouse gas emissions and reduce 
dependency on traditional fossil fuels [139-142]. It is regarded as a clean and renewable liquid fuel 
produced from biomass resources such as lignin, fungi, cellulose, and xylose through the process of 
fermentation [143,144]. Ethanol, an oxygen-rich compound, has been demonstrated to emit lower 
levels of particulate matter and substantially decrease greenhouse gas emissions. The oxygen 
content in ethanol contributes to more complete combustion of the fuel, enhancing the combustion 
process [145]. The high octane content of ethanol and its ability to burn cleanly make it a popular 
fuel additive and an alternative to gasoline [146]. Moreover, ethanol fuel can be used in current 
gasoline engines with no or minimal modifications, making ethanol fuel a promising alternative fuel 
option [147]. Ethanol has a low stoichiometric air-fuel ratio, high oxygen content, and high H/C ratio. 
These factors collectively contribute to improving combustion efficiency [148,149]. Additionally, it 
has been found that the high latent heat of ethanol lowers the charge temperature, which can 
improve the combustion process. This effect also helps in moderating peak pressure and reducing 
the tendency for engine knocking [150]. Blending ethanol with gasoline has been shown to enhance 
the chemical composition of soot precursors. This promotes the formation of low-molecular-weight 
polycyclic aromatic hydrocarbons (PAHs) in aromatic flames and increases the oxidation of aliphatic 
flames during the combustion process [151]. Additionally, this blending process can increase the 
percentage of oxygen available for combustion, leading to lower emissions [152,153]. Recently, 
studies have shown that the use of ethanol-gasoline blends in modern SI engines enhances both 
engine performance and emissions. This has led to the extensive use of this fuel in SI engines as a 
substitute for traditional fuels [154]. 
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Table 4 
Previous studies on HCNG 
Study ID Engine Type (CNG-HCNG) % Performance 

Improvements 
Performance 
Declines 

Fuel 
Consumption 
Changes 

Emissions Reductions Emissions Increases 

Lather 
and Das 
[78] 

Multicylinder SI 
Engine  

- (CNG, HCNG 
10%, HCNG 
18%)  

Torque and power 
improvements were 
observed for HCNG 10% 
and HCNG 18% in 
comparison to CNG, with 
up to 6% torque benefits 
and up to 4% power 
benefits. 

- Reduced FEC 
and improved 
fuel 
conversion 
efficiency 
were 
observed for 
HCNG blends 
in 
comparison 
to CNG.  

CO, HC, and CO2 
emissions were 
reduced for HCNG 
blends in comparison 
to CNG. 

An increase in NOx 
emissions was 
observed for HCNG 
blends in comparison 
with CNG, due to the 
higher combustion 
temperatures 
associated with 
hydrogen content. 

Singh et 
al., [100] 

Heavy Duty Six 
Cylinder Engine 

CNG & HCNG - - - Using HCNG fuel leads 
to notable decreases 
in unregulated 
emissions, including 
Formaldehyde, 
Acetylene, Formic 
Acid, Benzene, Ethane, 
and Propane. 
Additionally, regulated 
emissions such as CO, 
NO, HC, and PM are 
significantly lowered 
with HCNG fuel.Top of 
Form 
 

With HCNG fuel, 
there's a slight rise in 
Methanol, Ethanol, 
Formaldehyde, and 
Acetaldehyde 
emissions. 
Additionally, an 
increase in NH3 and 
NO2 with HCNG 
fosters conditions 
conducive for the 
efficient operation of 
exhaust after-
treatment devices 
such as Selective 
Catalytic Reduction 
(SCR) systems in Euro 
VI compliant vehicles. 

Duan et 
al., [101] 

Large Bore, 
Lean Burn 
Natural Gas SI 
Engine 

Hydrogen 
Enrichment
  

With a higher percentage 
of hydrogen energy share, 
there's a decrease in 
cycle-to-cycle variations 
in IMEP. The coefficient of 

- - - - 
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variation of the peak 
combustion pressure 
dropped from 8.75% 
(without hydrogen) to 
2.82% (with a 27.68% 
hydrogen energy share). 
The average start of 
combustion advanced as 
the hydrogen ratios 
increased, although the 
cycle-to-cycle variations 
of it remained relatively 
unchanged. Additionally, 
the combustion duration 
was shorter, and its cycle-
to-cycle variations were 
reduced by 5.4% with a 
27.68% hydrogen energy 
share. 
Top of Form 
 

 
 
 
 
 

Prasad et 
al., [102] 

Single-cylinder 
water-cooled 
CIDI engine 
modified for 
HCNG 

- (HCNG; 
mixture of H2 
and CNG)
  

 LI mode exhibited lower 
coefficient of variation in 
IMEP (COVIMEP) 
compared to SI mode, 
indicating better 
combustion stability with 
LI. Optimal MBT timing 
achieved at 31° CA bTDC 
for HCNG mixtures, 
leading to improved 
engine performance, 
combustion, and emission 
characteristics.  

- - At 31 degrees (°CA 
bTDC) Minimum Spark 
Timing for Best 
Torque, both reduced 
emissions and 
enhanced BTE were 
noted in comparison 
to other spark timings. 

- 

Prasad 
and 
Agarwal 
[103] 

Single-cylinder 
naturally 
aspirated 
water-cooled 

CNG, H2, HCNG 
mixtures  

In LI mode, BTE improved 
from 36.9% to 37.82% for 
CNG and from 37.7% to 
38.6% for a 40% HCNG. 

Pmax reduced with 
H2 enrichment of 
CNG, from 47.62 bar 

BSFC in LI 
mode 
decreased 
from 0.20 

EGT reduced in LI 
mode. At 0.15 bar 
boost, BSCO and 
BSNOx emissions 

- 
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direct injection 
diesel engine 
adapted/modifi
ed to 
supercharged 
SI/LI PFI 
gaseous fueled 
engine 

Additionally, torque in LI 
mode experienced an 
increase compared to SI 
mode, rising from 29 Nm 
to 32.5 Nm for CNG and 
from 20 Nm to 24 Nm for 
Hydrogen (H2). 
Top of Form 
 

for CNG to 39.77 bar 
for 40%HCNG.  

kg/kWh for 
CNG to 0.180 
kg/kWh for a 
40% HCNG. 

reduced with H2 
enrichment.  

Leng et 
al., [104] 

Medium-speed 
NG engine with 
prechamber 
initiated 
turbulent jet 
ignition  

HCNG; mixture 
of H2 and CNG
  

Improved combustion 
and performance due to 
hydrogen enrichment. 
Combustion rates 
enhanced by turbulent 
jets and chemical 
dynamics of hydrogen-
enriched fuel.  

- Indicated SFC 
decreases 
with 
increased 
hydrogen 
fraction.  

Reductions in CO, total 
HC, and nonmethane 
HC emissions. 
Significant decrease in 
emissions with up to 
30% hydrogen 
enrichment.  

Increase in nitrogen 
oxides emissions with 
increased hydrogen 
fraction due to higher 
combustion 
temperatures. 

Prasad 
and 
Agarwal 
[105] 

 CVCC  HCNG mixtures LI of HCNG enables lean-
burn combustion, key for 
future emissions norms 
compliance. Hydrogen 
enrichment of CNG 
overcomes low 
volumetric energy density 
and flame speed 
limitations, improving 
lean flammability limits.
  

- - - - 

Hao et 
al., [106] 

6-cylinder CNG 
engine 
modified for 
HCNG 
operation
  

0%, 20%, 40% 
HCNG  

Enhanced and advanced 
combustion stability with 
hydrogen blending. 
Improved engine 
performance and 
efficiency.  

- Reduced 
BSFC with 
optimal 
excess air 
ratio and 
ignition 
advance 
angle.  

Reduction in CO and 
CH4 emissions with 
hydrogen blending.
  

Increased NOx 
emissions with 
increased hydrogen 
fraction due to higher 
combustion 
temperatures. 

Zhang et 
al., [107] 

Single-cylinder, 
water-cooled, 

CNG, HCNG 
blends  

 LI enabled lean-burn 
combustion, improving 

 -  - Significant 
contribution of 

 - 
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direct injection 
diesel engine 
adapted for 
HCNG 
operation
  

particulate emission 
characteristics, especially 
in nucleation mode 
particle size range. 
particulate emission 
characteristics, 
particularly within the 
nucleation mode particle 
size range 
 
 
  

lubricating oil in 
particulate emissions 
from both hydrogen 
and HCNG fueled LI 
engines. Reduced 
particulate number 
concentration with 
hydrogen enrichment 
in CNG, particularly at 
higher engine loads.
  

Zareei et 
al., [108] 

6-cylinder CNG 
engine 
modified for 
HCNG 
operation
  

0%, 20%, 40% 
HCNG  

Enhanced and advanced 
combustion stability with 
hydrogen blending. 
Improved engine 
performance.  

 - Reduced 
BSFC with 
optimal 
excess air 
ratio and 
ignition 
advance 
angle.  

Reduction in CO and 
CH4 emissions with 
hydrogen blending.
  

Increased NOx 
emissions with 
increased hydrogen 
fraction attributable to 
elevated combustion 
temperatures. 

Prasad 
and 
Agarwal 
[109] 

Single-cylinder 
water-cooled 
CIDI engine 
modified for 
HCNG 
operation
  

HCNG mixtures
  

In LI mode, HCNG showed 
a higher Pmax, with its 
peak occurring closer to 
Top Dead Center. The 
addition of hydrogen to 
CNG resulted in an 
increase in Pmax by 
approximately 2.9 bar, 
Rate of Pressure Rise by 
approximately 0.72 
bar/degree, and Heat 
Release Rate by 
approximately 7.2 
kJ/m^3.degree for a 40% 
HCNG compared to the 
baseline CNG. The highest 
BTE was recorded at 
approximately 42.8% (at 

- The lowest 
BSFC was 
achieved at λ 
= 1.2 for 
HCNG in SI 
mode, while 
in LI mode it 
was achieved 
at λ = 1.4.
  

BSHC emissions were 
lower in LI mode than 
SI mode. At 3.96 bar 
BMEP, BSHC emissions 
reduced from 0.54 
g/kWh (for CNG) to 
0.35 g/kWh (for 
40HCNG), further 
reduced to 0.21 
g/kWh (for H2) in LI 
mode. BSNOx 
emissions increased 
with increasing BMEP 
but reduced from 0.89 
g/kWh at λ = 1.5 for 
CNG to 0.17 g/kWh for 
30HCNG at λ = 1.7 at 
30 Nm load.  

- 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 122, Issue 1 (2024) 118-162 

 

140 
 

an excess air ratio λ = 1.4) 
in LI mode for an engine 
fueled with a 30% HCNG. 

Park et 
al., [110] 

11-L CNG 
Engine 
Modified for 
HCNG 
Operation
  

6–10% HCNG Adding 6–10% hydrogen 
enables similar levels of 
torque and BSFC 
compared to the base 
engine with the same 
lambda condition. The 
virtual HCNG engine 
achieves performance 
and emission similar to 
those of the base engine 
under the middle speed 
operation range.  

At 1000 rpm, NOx 
formation is greater 
than base engine 
condition, while a 
similar NOx level can 
be maintained under 
the middle speed 
range (1300 and 
1500 rpm) despite 
hydrogen addition.
  

- - Increased NOx 
emissions at low rpm 
due to elevated 
combustion 
temperatures with 
hydrogen addition, but 
manageable at middle 
speeds. 

Barbu et 
al., [111] 

Multicylinder SI 
Engine  

CNG, HCNG 
10%, HCNG 
18%. 

Torque and power 
improvements were 
observed for HCNG 10% 
and HCNG 18% in 
comparison to CNG, with 
up to 6% torque benefits 
and up to 4% power 
benefits.  

- Reduced fuel 
energy 
consumption 
and improved 
fuel 
conversion 
efficiency 
were 
observed for 
HCNG blends 
in 
comparison 
to CNG.  

CO, HC, and CO2 
emissions were 
reduced for HCNG 
blends in comparison 
to CNG.  

An increase in NOx 
emissions was 
observed for HCNG 
blends in comparison 
with CNG, due to the 
higher combustion 
temperatures 
associated with 
hydrogen content. 

Duan et 
al., [112] 

Heavy-duty 
lean-burn NG SI 
engine  

LP, HP, 
Combined HP-
LP, Internal EGR.
  

Combined 10% HP EGR 
with 5% LP EGR ratio 
improved indicated 
thermal efficiency
  

Peak combustion 
pressure decreased 
with increased EGR 
ratio  

- NOx emissions lowest 
with HP EGR system
  

- 

Luo et 
al., [113] 

- Various HCNG 
blends  

Hydrogen addition to 
CNG increases the 
laminar burning velocity 
of the mixture, boosting 
combustion efficiency 

- At optimal 
conditions, 
hydrogen 
enrichment 
leads to 

Significant reductions 
in CO, THC, and CH4 
(Methane) emissions 
due to improved 
combustion efficiency 

Increased NOx 
emissions due to 
higher combustion 
temperatures resulting 
from hydrogen 
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and reducing brake 
specific fuel consumption. 
Optimal conditions 
(excess air ratio and spark 
timing) lead to an 
increase in BTE and 
significant reduction in 
cycle-by-cycle variations.
  

improved fuel 
efficiency.
  

with hydrogen 
enrichment.  

addition. Optimized 
ignition timing and 
excess air ratio can 
achieve higher thermal 
efficiency with low 
NOx emissions under 
emission regulation 
limits. 

Hora and 
Agarwal 
[114] 

Single-cylinder 
prototype 
HCNG engine
  

Various HCNG 
blends (0%, 
10%, 20%, 30% 
HCNG)  

Improved BTE, reduced 
BSFC, BSEC, and 
enhanced combustion 
stability.  

- Across all 
load 
conditions, 
BTE 
experienced 
an uptick 
with the 
augmentation 
of hydrogen 
content in 
HCNG blends, 
attributable 
to the 
enhanced 
combustion 
efficiency and 
improved 
combustion 
stability 
provided by 
the hydrogen 
addition. 
 

Reduction in HC, CO, 
and CO2 emissions.
  

Increase in NO 
emissions with 
hydrogen addition at a 
given BMEP, with 30% 
HCNG showing the 
best performance and 
emission benefits 
among the tested 
HCNG mixtures. 

Li et al., 
[115] 

Lean-burn 
marine NG 
engine  

Hydrogen-rich 
reformate 
addition)
  

Enhanced lean-burn limit, 
improved combustion 
efficiency  

- - Decrease in THC 
emissions with 
increased reformate 
addition.  

Initial increase then 
decrease in NOx 
emissions with 
reformate addition; 
Increase in CO 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 122, Issue 1 (2024) 118-162 

 

142 
 

emissions under larger 
λ. 

Sopena 
et al., 
[116] 

Volkswagen 
Polo 1.4 
converted to 
hydrogen 
operation
  

- (Hydrogen)
  

Increased brake torque of 
63 Nm at 3800 rpm and 
maximum brake power of 
32 kW at 5000 rpm. 
Greater brake thermal 
efficiency compared to 
gasoline, especially at 
lean conditions (λ = 2.5) 
and high speeds (above 
4000 rpm).  

- - Significant reduction 
in CO, THC, and CH4 
(Methane) emissions 
due to improved 
combustion efficiency.
  

Increased NOx 
emissions with richer 
mixtures (λ < 2) due to 
higher combustion 
temperatures. 

Wasiu et 
al., [117] 

Direct Injection 
Spark Ignition 
Engine 

0, 20, 28, 38, 
46% by volume
  

- - Increase in 
BSEC with 
higher 
hydrogen 
percentages.
  

Decrease in BSCO and 
BSUHC emissions with 
increasing percentage 
of hydrogen gas. 
Significant reduction 
of approximately 94% 
and 26% between rich 
and stoichiometric 
mixtures, respectively.
  

Increase in BSNOx 
emission 
concentrations as the 
percentage of 
hydrogen gas increases 
due to enhanced 
turbulence within the 
engine cylinder leading 
to higher combustion 
temperatures. 

Lather 
and Das 
[78] 

Multicylinder 
Spark Ignition 
(SI) Engine
  

CNG, HCNG 
10%, HCNG 18%
  

Torque and power 
improvements for HCNG 
10% and HCNG 18% in 
comparison to CNG, with 
up to 6% torque benefits 
and up to 4% power 
benefits.  

- Reduced fuel 
energy 
consumption 
and improved 
fuel 
conversion 
efficiency for 
HCNG blends 
in 
comparison 
to CNG.  

CO, HC, and CO2 
emissions were 
reduced for HCNG 
blends in comparison 
to CNG.  

An increase in NOx 
emissions was 
observed for HCNG 
blends in comparison 
with CNG, due to the 
higher combustion 
temperatures 
associated with 
hydrogen content. 

Sagar 
and 
Agarwal 
[48] 

Port fuel 
injected; HCNG 
fueled SI engine
  

CNG, 10%, 20%, 
30%, 50%, 70% 
HCNG mixtures, 
and hydrogen
  

Lower knocking intensity 
exhibited by 30% HCNG 
across all loads.  

- - Lower emissions of 
CO2, HC, and CO with 
HCNG compared to 
baseline CNG.  

Higher NOx emissions 
with HCNG due to the 
higher combustion 
temperatures 
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associated with 
hydrogen content. 

Yu et al., 
[119] 

Gasoline/hydro
gen SI engine 
with hydrogen 
direct injection 
(HDI) and 
gasoline port 
injection  

Gasoline plus 
homogeneous 
hydrogen and 
gasoline plus 
stratified 
hydrogen
  

Stratified hydrogen leads 
to more stable and faster 
ignition, speeding up the 
combustion rate, 
achieving higher brake 
thermal efficiency, 
especially under lean 
burn condition.  

  Homogeneous 
hydrogen reduces HC 
and NOx emissions.
  

Stratified hydrogen 
mode increases NOx 
and HC emissions by 
14.3% and 12.8% on 
average compared to 
homogeneous 
hydrogen due to 
denser hydrogen 
concentration near the 
sparking plug and 
higher combustion 
temperatures. 

Pandey 
et al., 
[120] 

SI engine with 
fixed ignition 
timing  

CNG, 5HCNG, 
10HCNG, 
15HCNG  

Significant reduction in 
CO, CO2, and HC 
emissions with higher 
hydrogen fraction. 
Improved BTE observed 
with higher hydrogen 
content.  

- - CO, CO2, and HC 
emissions were 
reduced with higher 
hydrogen content in 
HCNG blends.  

- 
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Fig. 3. First-generation process for ethanol production from (a) starchy and (b) saccharose 
materials [131] 

 

 
Fig. 4. Global bioethanol production [133] 

 
Table 5 
Properties of the pure gasoline and ethanol fuels [135] 
Property Gasoline Value Ethanol Value 

RON 91-93 109 
MON 81-84 90 
AKI 87-88 99 
Density (kg/L) (0.72-0.78) 0.79 
Stoichiometric air-fuel ratio (kg/kg) 14.6 9.0 
NHV (MJ/kg fuel) [at ASTM] 
(MJ/L fuel) 
(MJ/kg stioch. mix) 

44 
33 
2.8 

27 
21 
2.7 

HoV (MJ/kg fuel) [at 25 ℃] 
(MJ/L fuel) 
(MJ/kg stioch. mix) 

0.35 
0.26 
0.022 

0.92 
0.72 
0.092 

(MJ/MJ NHC) 0.0080 0.034 
RON 91-93 109 
MON 81-84 90 
AKI 87-88 99 
Density (kg/L) (0.72-0.78) 0.79 
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3.1 Effect of Ethanol-Gasoline Blends on the Performance and Emissions of SI Engines 
 

Experimental research on ethanol-petrol fuel blends was conducted using a single-cylinder, four-
stroke petrol engine with four fuels—neat petrol and three ethanol blends (E20, E40, and E60). The 
E20 blend achieved the highest brake power at 24° bTDC under full load conditions. An improvement 
in the CR and TE was observed with ethanol blending, with the E20 blend displaying superior thermal 
efficiency. Additionally, an increase in the percentage of ethanol led to a decrease in HC emissions, 
especially for the E60 blend at 24° bTDC [155]. The introduction of ethanol-gasoline blends (E0, E5, 
E10, E15, and E20) was found to slightly increase brake power and reduce brake specific fuel 
consumption, with improvements observed in brake thermal efficiency and volumetric efficiency. 
While CO2 and NOx emissions increased with the addition of ethanol, CO and HC emissions decreased 
[156]. Experiments on a single-cylinder SICI engine with a high CR showed that ethanol blending 
enhances combustion stability, engine power, and efficiency, notably achieving a 15.1% increase in 
IMEP and a 9.1% improvement in ITE with pure ethanol compared to nonblended fuel. When NOx 
emissions increased due to higher combustion temperatures, THC emissions decreased. The impact 
of ethanol on particulate emissions was mainly observed in the distribution of particle sizes rather 
than a reduction in total particulate numbers [157]. In research utilizing a 1-L four-stroke three-
cylinder T-GDI engine, the effects of ethanol-gasoline blends on engine performance were examined. 
The rate of spray development initially increased with the addition of ethanol, attributed to its higher 
density and viscosity, but this trend reversed as a result of the vaporization characteristics of ethanol. 
Although the brake-specific fuel consumption (BSFC) of ethanol was found to be 28.7% higher than 
that of gasoline, ethanol blends, particularly E85 and E100, exhibited lower brake-specific energy 
consumption (BSEC), indicating enhanced power efficiency. Additionally, blends exceeding the E50 
effectively suppressed engine knock, with blends containing higher ethanol contents, such as E85 and 
E100, experiencing no knocking due to ethanol's higher octane number [158]. A study on the Honda 
GX200-DQX engine examined the impact of varying ethanol-gasoline blends (E00, E10, E20, E30, and 
E40) on engine performance, highlighting differences in the indicated power, thermal, mechanical, 
and volumetric efficiencies. The findings revealed that E40 delivered the highest indicated power at 
moderate speeds, while E30 led at higher speeds. The thermal efficiency peaked with E40 at lower 
speeds, whereas pure gasoline (E00) was superior at higher speeds. The mechanical efficiency was 
optimal with lower ethanol contents, particularly for E20, at higher speeds. Higher ethanol blends 
resulted in reduced volumetric efficiency, especially at elevated speeds, indicating that ethanol 
blending can enhance engine performance, with the suitability of specific blends varying by speed 
and load [159]. 

A study conducted on a Toyota Tercel-3A SI engine using ethanol-unleaded gasoline blends 
demonstrated that ethanol addition notably enhanced engine performance. Key improvements 
included an 8.3% increase in brake power, a 9.0% increase in brake thermal efficiency, and a 7% 
increase in volumetric efficiency on average. Although fuel consumption increased by approximately 
5.7%, the BSFC and air-fuel ratio decreased by approximately 2.4% and 3.7%, respectively. The study 
also reported a significant decrease in CO and HC emissions of 46.5% and 24.3%, respectively, but 
CO2 emissions increased by 7.5%. The 20% ethanol blend emerged as the most effective mixture 
[160]. Building on these findings, a study on a 1.3-L four-cylinder gasoline direct injection (GDI) engine 
examining ethanol-gasoline blends (E10, E20) and reformed exhaust gas recirculation (REGR) 
revealed enhancements in engine performance and emissions. BSEC and BTE improved by up to 11% 
and 12.4%, respectively. The emissions of CO and NOx decreased by up to 38% and 86%, respectively. 
Additionally, a significant reduction, up to 48%, was observed in total PM, especially in the 
accumulation mode, with the E20 blend [161]. When using a single-cylinder SI engine (TD 200) with 
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ethanol-gasoline blends (10%, 20%, 30%, 40%), key findings included an increase in the research 
octane number (RON) and motor octane number (MON) for all blends. The E40 blend demonstrated 
the greatest improvement, with a 25.8% increase in the TE and a 17.21% reduction in the BSFC. 
Additionally, exhaust emissions significantly decreased with increasing ethanol ratios, notably in E30 
for CO (26.33%), in E40 for CO2 (25%), HC (31.05%), and NOx (20.91%) [162]. The impact of ethanol-
gasoline blends (E50 and E85) on a single-cylinder, four-stroke SI engine with variable CRs (10:1 and 
11:1) showed that these blends led to an increase in engine torque of approximately 2-2.8% and an 
increase in BSFC of 16.1-45.6%, depending on the blend and CR. Reductions in CO and HC emissions 
were noted, with HC emissions decreasing by up to 24% at a 10:1 CR due to ethanol's leaning effect 
and oxygen content. Ethanol blends also resulted in lower NOx emissions than did pure gasoline, a 
benefit attributed to ethanol's high latent heat of vaporization. These findings underline the role of 
ethanol in increasing engine efficiency and lowering emissions [126]. 

A study on the effects of varying CRs and spark timings on a two-wheeler using E30 fuel under 
wide-open-throttle conditions showed increases in in-cylinder pressure and heat release rate with 
higher CRs, enhancing combustion and shortening its duration. The power improved by an average 
of 2.5% and 4.5% for CRs of 10.9:1 and 11.5:1, respectively, with a peak increase of 8.0% at a CR of 
11.5:1 and a 4 °CA spark advance. The specific fuel consumption decreased by 6.0% and 8.9% for 
these ratios, reaching a maximum decrease of 13%. Reductions in CO and HC emissions were 
significant, by up to 52% and 43%, respectively, while NOx emissions increased by up to 32% with an 
optimized 4 °CA spark advance [163]. The effects of ethanol-blended gasoline (E5, E10, and E15) on 
engine performance and emissions with a four-stroke SI EF7 engine showed that ethanol blends led 
to decreases in power and torque of 5.79%, 1.89%, and 1.57% for E5, E10, and E15, respectively, and 
increased fuel consumption of 3.34% for E5, with further increases of 3.79% and 1.45% for E10 and 
E15, respectively. The volumetric efficiency also decreased with the use of ethanol, by 6.32%, 1.85%, 
and 3.05% for E5, E10, and E15, respectively. However, the emissions of CO, CO2, and HC significantly 
decreased as the ethanol content increased, with E15 demonstrating the most notable improvement 
in emissions. The findings suggest that E10 and E15 are viable substitutes for gasoline in urban 
settings, offering comparable performance but with lower emissions [164]. A study conducted on a 
four-stroke single-cylinder multifuel engine with variable compression utilizing ethanol-blended fuels 
(E0, E5, E10, and E20) revealed that ethanol blends significantly improve engine efficiency. The best 
brake power was observed with the E20 blend, demonstrating a 5% increase in brake power with 
10% ethanol. The highest thermal efficiency was recorded at 24.5% for E20, with E10 and E5 closely 
behind. The inclusion of ethanol was shown to enhance brake thermal efficiency and decrease 
specific fuel consumption, highlighting ethanol's viability as a gasoline alternative for better engine 
performance and lower emissions [165]. 

An experimental study conducted on a 4-cylinder, 4-stroke, 1.8-liter Mazda Premacy MPFI engine 
comparing pure gasoline (E0) with a 15% ethanol-gasoline blend (E15) indicated changes in gaseous 
emissions due to ethanol blending. Although E15 led to higher NOx and CO2 emissions, it effectively 
reduced CO and HC emissions. Specifically, at 1000 rpm, the UHC emissions for E15 were 289 PPM 
greater than those for E0, although this difference narrowed at increased speeds, with both E0 and 
E15 showing reduced UHC emissions as the engine speed increased. At 4000 rpm, NOx emissions for 
E15 were 232 PPM lower than those for E0, highlighting the ability of ethanol to lower certain 
emissions under specific operating conditions [166]. In a study conducted using a four-stroke, four-
cylinder MPFI SI engine, the effects of ethanol-premium gasoline blends on engine performance were 
explored, focusing on brake torque, BP, and BSFC across various speeds (2200, 3200, and 4200 rpm) 
and loads (5, 10, 15, and 20 kg). The F2 sample, containing 6.25% ethanol, exhibited optimal 
performance, achieving a maximum BT of 104 Nm at 3000 rpm and a 20 kg load, along with a peak 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 122, Issue 1 (2024) 118-162 

 

147 
 

BP of 24.5 kW at 4200 rpm and a 20 kg load. Higher ethanol concentrations were associated with an 
increase in BSFC, with the F2 sample showing the lowest BSFC of 0.268 kg/kWh at 3200 rpm and a 20 
kg load [167]. A study conducted on a turbocharged port fuel injection spark ignition engine assessed 
the impact of E85 fuel under various conditions, including dual fuel (DF) and mixed injection modes, 
with adjustments in air‒fuel ratios and spark timings. It was observed that E85 facilitated advanced 
spark timing, significantly boosting the thermal efficiency to approximately 0.39, in contrast to 0.31 
for gasoline. The presence of oxygen in ethanol, particularly in leaner mixtures, resulted in a marked 
decrease in CO and HC emissions, although NO emissions increased due to increased peak pressures. 
A notable reduction in particulate emissions (PN and PM1) was also documented with E85, especially 
in the mixed injection mode, highlighting its potential for enhancing engine performance and 
reducing emissions [168]. The previous studies of ethanol are provided in Table 6. 
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Table 6 
Previous studies on Ethanol Blending 
Study ID Engine Type Ethanol 

Blend (% 
Ethanol) 

Performance Improvements Performance 
Declines 

Fuel 
Consumption 
Changes 

Emissions 
Reductions 

Emissions 
Increases 

Kumbhar and 
Khot [155] 

Single-cylinder, four-
stroke petrol 

E20, E40, E60 BP (E20), CR, TE - - HC (notably E60) - 

Najafi et al., 
[156] 

Single-cylinder, four-
stroke petrol 

E0, E5, E10, 
E15, E20 

BP, BTE, VE - Reduction in 
BSFC 

CO, HC CO2, NOx 

Liu et al., [157] Single-cylinder SICI Ethanol 
blends 

Combustion stability, engine 
power, efficiency, IMEP, ITE 

- - THC NOx 

Kim et al., [158] 1-L T-GDI Ethanol 
blends, 
especially 
E85, E100 

Spray development, power 
efficiency, knock 
suppression 

- Higher BSFC for 
ethanol 

- - 

Rao et al., [159] Honda GX200-DQX E00, E10, 
E20, E30, E40 

IP (E40 at moderate speeds, 
E30 at high speeds), TE (E40 
at lower speeds, E00 at 
higher speeds), ME (lower 
ethanol contents, 
particularly E20 at higher 
speeds) 

VE (reduced 
especially at 
elevated speeds 
with higher 
ethanol blends) 

- - - 

Al-Hasan [160] Toyota Tercel-3A SI E20 BP, TE, VE - Increase 
(~5.7%) 

CO, HC CO2 

Chaimanatsakun 
et al., [161] 

1.3-L GDI E10, E20 BSEC, BTE - - CO, NOx, PM - 

Mohammed et 
al., [162] 

Single-cylinder SI (TD 
200) 

E10, E20, 
E30, E40 

RON, MON, TE - Decrease (E40: 
17.21%) 

CO (E30), CO2, HC, 
NOx (E40) 

- 

Koç et al., [126] Single-cylinder, four-
stroke SI 

E50, E85 Engine torque (increase by 
2-2.8%) 

VE with higher 
blends 

Increase (16.1-
45.6%) 

CO, HC (up to 24% 
reduction at 10:1 
CR), NOx 

- 

Sakthivel et al., 
[163] 

Two-wheeler, single-
cylinder SI 

E30 BP, in-cylinder pressure, 
heat release rate 

- Decrease (6.0-
13%) 

CO, HC NOx 

Hosseini et al., 
[164] 

Four-stroke SI EF7 E5, E10, E15 - BP, T, VE Increase (E5: 
3.34%, E10: 
3.79%, E15: 
1.45%) 

CO, CO2, HC - 
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Kumar et al., 
[165] 

Four-stroke single-
cylinder multifuel 

E5, E10, E20 BP, TE - - - - 

James et al., 
[166] 

Mazda Premacy MPFI E15 - - - CO, HC NOx, CO2 

Verma et al., 
[167] 

Four-cylinder MPFI SI ~E6.25 (F2 
sample) 

BT, BP - Increase in BSFC - - 

Tornatore et al., 
[168] 

Turbocharged PFI SI 
engine 

E85 TE - - CO, HC, PM NO 
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4. Development of Recent Research on Conventional Fuel 
 

The growing concern surrounding the depletion of fossil fuels and the consequent search for 
renewable alternatives boasting efficiencies comparable to those of conventional fuels. The potential 
and opportunities for alternative fuels across various applications are discussed.  
As a substitute for fossil fuels, researchers are investigating several substances sourced from natural 
sources, particularly those derived from petroleum-based fuels [169]. Fossil fuels play a crucial role 
in the global economy, but they also pose significant environmental risks, including GHG emissions. 
Transitioning to cleaner energy alternatives presents considerable challenges. Nevertheless, it is 
imperative to decrease or completely phase out fossil fuel usage to safeguard our planet [170]. 
Internal combustion engines, fuelled by oil, generate roughly a quarter of the world's energy, 
translating to approximately 3000 out of 13,000 million tons of oil equivalent annually. This process 
is responsible for approximately 10% of global greenhouse gas emissions [171]. Fossil fuels represent 
a significant portion of the total energy generated from renewable sources. There is no alternative 
energy source available that can substitute for fossil fuels. Renewable energy sources provide a total 
capacity of 1350 gigawatts (GW) from hydropower, 336 GW from wind, 150 GW from solar, and 20 
GW from geothermal sources. Additionally, farmers produce 17.5 million tons (Mt) of bioethanol and 
2.45 Mt of biodiesel each year. However, even with a combined renewable output of 1856 GW, these 
sources, excluding hydro, meet only approximately 20% of the world's energy requirements, with the 
remaining 80% still reliant on fossil fuels. The rate at which renewable energy is being harnessed 
scarcely keeps pace with the increasing demand for energy [172]. Therefore, it is advisable for nations 
pursuing hydrogen energy to implement tailored policies that empower the government to support 
and regulate the integration of hydrogen fuel cells into their power generation portfolio. Establishing 
such policies is crucial because they lay the foundation for the governance, innovation, and 
administration of alternative energy sources within a country [173]. 

Recent research developments in conventional fuels underscore a critical reality: Despite the 
significant advancements and increased utilization of new and renewable energy sources, the 
complete elimination of fossil fuels from our energy portfolio remains an unattainable goal in the 
near future. This enduring reliance on fossil fuels is driven by a combination of factors, including their 
entrenched role in our global energy infrastructure, the economic feasibility of extracting and utilizing 
these resources, and the technological challenges and scale of investment required to fully transition 
to alternative energy sources [174-177]. Fossil fuels, including coal, NG, and oil, have historically 
powered industrial growth, electricity generation, transportation, and heating for centuries [178]. 
Their high energy density, ease of transport and storage, and well-established extraction and 
consumption technologies make them difficult to replace in the short term [179]. Furthermore, the 
global economy's deep entrenchment in fossil fuel exploitation means that any transition to 
renewable energy sources must contend with significant economic and social implications [180]. The 
development of renewable energy technologies, such as solar, wind, hydroelectric, and geothermal 
power, has certainly made impressive strides, offering cleaner, more sustainable alternatives to 
traditional fossil fuel sources. However, the intermittency of renewable energy, coupled with 
challenges in energy storage and grid integration, underscores the need for a diverse energy mix that 
continues to include fossil fuels as a reliable baseload power source [181]. 
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5. Results and Discussion 
 

The assessed efforts encompass the use of natural gas, HCNG which is hydrogen-enriched natural 
gas, and ethanol-gasoline mixture. In each subsection, literature is cited to explain the improvements 
in engine performance and reductions of emissions compared to normal operation using 
conventional gasoline. Also, it offers ideas about the kind of advices concerning the utilization of 
these other fuels in IC engines, both the positive aspects together with the negative aspects with 
reference to them. The finding from those studies is designed to inform the further research and 
development to make better advances of IC engines with higher efficiency and sustainability. 
 
5.1 Natural Gas in SI Engines 
 

Natural gas is proved to increase engine performance and reduce emissions, various studies have 
proved that that compressed natural gas (CNG) engines can achieve higher thermal efficiency and 
lower emissions compared to gasoline engines. Key findings from these studies include 

i. Performance: CNG engines provide higher engine efficiency and lower brake-specific fuel 
consumption (BSFC). 

ii. Emissions: CNG engines produce lower levels of carbon dioxide (CO2), hydrocarbons (HC), and 
nitrogen oxides (NOx) compared to gasoline engines. 

iii. Challenges: CNG engines often face issues related to lower brake power and cold start 
performance. 

 
5.2 Hydrogen-Enriched Natural Gas (HCNG) 
 

HCNG have been studied for their potential to improve engine performance and reduce 
emissions. The key findings from these studies include 

i. Performance: HCNG blends have improved brake thermal efficiency, torque, and power 
output. Blends with 10% and 18% hydrogen by volume provide significant benefits. 

ii. Emissions: HCNG blends reduced carbon monoxide (CO), hydrocarbons (HC), and CO2 
emissions compared to pure CNG but it increased NOx emissions due to higher combustion 
temperatures. 

 
5.3 Ethanol in SI Engines 
 

Ethanol-gasoline blends have been studied for their effect on engine performance and emissions. 
The key findings from these studies iclude: 

i. Performance: Ethanol blends, such as E10 and E20, enhance brake thermal efficiency and 
engine power. Higher ethanol content can also improve combustion stability. 

ii. Fuel Consumption: Ethanol blends can result in a slight increase in fuel consumption due to 
their lower energy density compared to gasoline. 

iii. Emissions: Ethanol blends reduce CO and NOx emissions significantly. Additionally, ethanol 
has been found to lower particulate matter emissions. 

 
5.4 Suggestions for Better using Alternative Fuels in Engines 
 

i. Compressed Natural Gas (CNG): Cold start performance through preheating systems and 
advanced fuel injection strategies should be improved. 
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ii. Hydrogen-Enriched Natural Gas (HCNG): Specific blend ratios of hydrogen and natural gas 
should be optimized to maximize efficiency and minimize emissions, and effective emissions 
control technologies should be Integrated to mitigate the increase in NOx emissions. 

iii. Ethanol: Ethanol blend ratios for different engine designs and operating conditions should be 
optimized to enhance performance and reduce emissions. 

 
6. Conclusions 
 

The main advantages and disadvantages of the employment of different kinds of fuels specially 
in SI engines is also elaborated in this review. The cleaning capability of Hydrogen, natural gas and 
ethanol has a vast potential in reducing emissions and also effectively enhances the overall 
performance of this Engine. Putting together the preceding arguments, therefore, this post supports 
the continued research and development of IC engines that rely on efficient alternative fuels to solve 
the energy crises of the 21 st century IC engines market. Fossil fuels contribute to air pollution and 
greenhouse gas emissions, which are leading environmental concerns. With fossil fuel resources 
dwindling and GHG levels rising, there is an urgent need to adopt alternative fuels that are both 
environmentally friendly and equally efficient. In this review, various alternative fuels are studied to 
determine their effects on both SI engine performance and emissions, particularly HCNG, CNG, and 
ethanol. These types of fuels reduce harmful emissions, yet they also present challenges, especially 
in terms of engine performance and emissions. Adopting these fuels is straightforward because they 
do not require major redesigns of engines, leading to their broad and extensive use. Switching to 
alternative fuels is not just about moving away from gasoline; it is a whole new way of thinking about 
what drives our cars, making sure these greener fuels work well without losing any get-up-and-go. 
Although alternative fuels have shown promise in improving engine efficiency and reducing 
emissions, completely replacing fossil fuels as the main energy source remains a challenge. This is 
mainly because fossil fuels, with their high energy density and established global supply chains, 
remain integral to the world’s energy infrastructure. The transition to alternative fuels requires 
overcoming technological, economic, and logistical hurdles. Additionally, existing energy systems and 
engines are predominantly designed for fossil fuels, making a swift transition challenging without 
substantial investments in new technologies and infrastructure. The future will likely involve a 
diversified energy mix, where conventional and renewable energies coexist to sustainably meet 
global demand. 

The main results of this study are summarized as follows 
i. The improvement in brake thermal efficiency and reduction of CO and HC emissions occur 

when using HCNG blends, but it causes an increase in NOx emission. 
ii. Compared to gasoline, hydrocarbon emissions and energy consumption are reduced on CNG 

engines but have brake power reduction and cold start problems. 
iii. Ethanol blends in gasoline often improve brake thermal efficiency with benefits on CO and 

NOx emission but slightly increase fuel consumption. 
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