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A B S T R A C T

This study examined the impact of varying concentrations of ammonia-borane (AB) in gasoline on engine per
formance and emissions across different load conditions. Four fuel formulations were tested: pure gasoline 
(G100) and gasoline blends containing 10%, 15%, and 20% AB (AB10, AB15, AB20). Increased AB concentration 
resulted in higher brake-specific fuel consumption (BSFC). While exhaust gas temperatures were highest with 
G100 (730.9 ◦C at full load), the AB blends, particularly AB20, exhibited lower temperatures, with a maximum 
reduction of 13.8%. The AB20 blend demonstrated elevated BSFC and increased oxygen (O₂) emissions but 
significantly reduced carbon monoxide (CO) emissions, with up to an 88.2% decrease at full load. Nitrogen oxide 
(NOx) emissions were generally lower for all AB blends. The highest NOx value was measured with G100 fuel at 
full load, while the lowest NOx value was measured with AB10 fuel. Under these conditions, a 23% decrease in 
NOx value was observed with AB10 fuel compared to G100. The engine’s thermal efficiency decreased with AB 
blends at all load levels compared to pure gasoline. Thermal efficiency decrease of 13.76%, 22.32%, and 30.88% 
occurred for AB10, AB15 and AB20, respectively compared to G100.Overall, incorporating AB in gasoline 
reduced thermal efficiency and led to a notable decrease in NOx, hydrocarbons (HC), and CO emissions.

1. Introduction

The rising global energy demand and environmental issues associ
ated with fossil fuel use have spurred the pursuit of alternative and 
sustainable energy sources. This synthesis examines recent research on 
alternative energy, highlighting the challenges and potential solutions 
for decreasing dependence on fossil fuels [1]. Countries with abundant 
fossil fuel reserves have experienced a rise in fossil fuel demand but 
minimal expansion in renewable energy usage, which poses a consid
erable challenge to climate change mitigation efforts [2]. Immediate and 
transformative changes are necessary to limit global warming to below 
2 ◦C [3]. The continued availability of fossil fuels drives their use, 
highlighting the need for strong policies and strategies to transition to
wards non-carbon-emitting technologies [4]. Rising fuel prices, energy 
demand, and global warming concerns drive interest in bioenergy [5,6]. 
Biofuels, particularly bioethanol, have become competitive with petro
leum in many countries, offering a renewable alternative that can reduce 

carbon emissions [7] and promote agricultural sustainability [8,9]. 
Bioenergy is seen as a significant contributor to rural economic devel
opment and poverty reduction through job creation and improved 
quality of life [10]. Increasing energy demand and environmental con
cerns related to the use of fossil fuels have brought the search for 
alternative and sustainable fuels to the forefront [11]. Gasoline, the 
primary fuel used for spark ignition (SI) engines, is derived from pe
troleum and contributes significantly to greenhouse gas emissions and 
air pollution [12]. To overcome these challenges, researchers are 
investigating the potential of fuel additives to improve performance and 
reduce the environmental impact of gasoline-powered engines [13].

The use of alcohol additives in gasoline for spark ignition engines has 
been extensively studied due to their potential to reduce greenhouse gas 
emissions and improve fuel properties [14]. Alcohols such as ethanol, 
methanol, and higher alcohols like iso-butanol and iso-amyl alcohol are 
considered promising alternatives to traditional gasoline due to their 
favorable physicochemical properties and environmental benefits [15]. 
Alcohol-gasoline blends generally result in lower emissions of carbon 
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monoxide (CO), nitrogen oxides (NOx), and hydrocarbons (HC) 
compared to pure gasoline [16,17].

Ethanol-gasoline blends have been shown to significantly decrease 
CO and HC emissions in various operating conditions [18]. Blending 
alcohols with gasoline can enhance engine performance metrics such as 
brake thermal efficiency (BTE) [19], brake power [20], and torque [21,
22]. Higher alcohols like iso-butanol and isoamyl alcohol, when added 
to gasoline, improve engine performance and efficiency, particularly at 
higher compression ratios [23,24]. Alcohol additives improve the octane 
number of gasoline, leading to better anti-knock properties and more 
efficient combustion [25–28]. Dual-alcohol blends (e.g., methanol and 
iso-butanol) can achieve vapor pressures close to that of base gasoline, 
optimizing volatility and reducing evaporative emissions [29,30]. Al
cohols contribute to more complete combustion due to their higher 
oxygen content, which enhances combustion efficiency and reduces soot 
formation [31,32]. The presence of oxygen in alcohol molecules and 
their faster flame speeds lead to improved combustion initiation and 
stability [33,34]. While alcohols improve many aspects of engine per
formance and emissions [35], they can also increase specific fuel con
sumption [36] due to their lower energy content [37] compared to 
gasoline.

Boron-based additives have been explored for their potential to 
enhance the performance and reduce emissions of internal combustion 
engines [38]. These additives, which include ammonia-borane (AB, 
NH3BH3) [39] and trimethyl-borate [40], are investigated for their ef
fects on fuel efficiency, combustion characteristics, and emission pro
files. AB increases the burn rate of ethanol by 16% due to gas formation 
and droplet shattering during combustion, leading to rapid combustion 
of the remaining fuel [41]. These boron-based additives, also known as 
amine-boranes, are promising fuel additives with a proven ability to 
improve engine performance and reduce emissions [42] and are known 
for their high energy density as well as their ability to suppress knock
ing, one of the factors that hinder engine efficiency [43,44].

Boron-based compounds, such as methylamine-borane [45] and 
dimethylamine-borane [46–48], especially AB, have become central to 
hydrogen energy research due to their high hydrogen densities in solid 
form. Researchers note that hydrogen (H2), a clean and renewable fuel, 
will play a significant role in transitioning from traditional fossil fuels to 
renewable energy sources on the path to a sustainable energy future. 
However, the most significant challenges for H2 are its safe storage and 
transportation. Among the boron-based compounds mentioned above, 

AB is known as the simplest boron-nitrogen adduct with a molecular 
weight of 30.87 g/mol and a hydrogen storage capacity of up to 19.6% 
by weight. AB, first successfully synthesized by Shore and Parry in 1955, 
is one of the most promising hydrogen carrier materials, being stable 
under ambient conditions, having a high gravimetric hydrogen content, 
being environmentally friendly, and highly soluble in most polar sol
vents like ethanol/methanol. AB can release the stored hydrogen in its 
solid form through dehydrogenation, hydrolysis, and methanolysis re
actions with a suitable catalyst when needed [49–53].

This study aims to investigate the impact of incorporating various 
ratios of AB along with fuel additives into gasoline on the performance 
and emissions characteristics of gasoline engines. The primary focus is to 
evaluate how these additives influence key engine parameters such as 
power output, fuel efficiency, and the emissions of pollutants like carbon 
monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx). 
Through rigorous experimental analysis, we seek to assess the potential 
of AB additives as viable alternatives to traditional gasoline. Specif
ically, we determine the optimal ratios of these additives in gasoline 
formulations to achieve peak engine performance while minimizing 
harmful exhaust emissions. Furthermore, the study explores actionable 
strategies for enhancing engine efficiency and reducing emissions by 
applying AB additives. The study investigates how adding AB and fuel 
additives to gasoline affects engine performance and emissions. It em
phasizes the goal of identifying optimal additive ratios to improve en
gine efficiency and reduce harmful pollutants, positioning AB as a 
potential alternative to conventional gasoline additives. The desired 
activities related to blended fuels are shown in Fig. 1 as a flow chart.

2. Experimental studies

2.1. Materials

In this study, the sodium borohydride (NaBH4), ammonium sulfate 
((NH4)2SO4), tetrahydrofuran (C4H8O, THF) used to synthesize AB as a 
fuel additive, and the ethanol (C2H5OH) used to prepare gasoline-AB 
fuel mixtures were commercially obtained from Sigma-Aldrich.

2.2. Synthesis of AB

Previous studies were utilized to synthesize AB. For this purpose, 
NaBH4 (1.0 mol) and powdered (NH4)2SO4 (1.0 mol) were placed in a 
three-neck round-bottom flask equipped with a reflux condenser. One 
neck of the three-neck flask was connected to an oil trap via a connecting 
tube. Pre-dried THF was then added to the reaction flask, and the 
mixture was stirred at 750 rpm at 40 ◦C for approximately 2 h. The 
mixture was then cooled to room temperature, and the solid part was 
isolated by filtration. The filtrate was evaporated under vacuum to 
remove THF [54,55].

2.3. Characterization

X-ray diffraction (XRD, Rigaku Ultima-IV with Cu-Ka radiation, 
wavelength 1.54 Å, 40 kV, 55 mA) and Fourier transform infrared (FT- 
IR, Shimadzu IR-Affinity instrument using KBr disks in the 500-4000 
cm− 1 region) analyses were applied to determine the crystal properties 
and to identify the functional groups in the chemical structure of the 
synthesized AB, respectively. Elemental analysis (EA; C, H, N, S–O) was 
carried out with Thermo Scientific Flash 2000 analysis instrument. 1H 
and 11B-NMR were also used for the characterization of the structure of 
AB. The measurements were carried out with a Bruker 400 MHz Avance 
III Topspin 2.1 Spectrometry/Darmstadt/Germany. Samples were 
solved in DMSO‑d6 before the analysis, and all measurements were 
taken at room temperature.

Symbols and abbreviations

C8H18 Octane
C2H5OH Ethanol
CH3OH Methanol
G100 Gasoline
AB10 %90 Gasoline + %10 Ammonia-borane
AB15 %85 Gasoline + %15 Ammonia-borane
AB20 %80 Gasoline + %20 Ammonia-borane
CO Carbon monoxide
HC Hydrocarbon
NOx Nitrous oxide
CO2 Carbon dioxide
O2 Oxygen
n Engine speed
Me Engine torque
Ne Engine power
be Brake specific fuel consumption
LHV Lower calorific value
BSFC Brake specific fuel consumption
EGT Exhaust gas temperature
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2.4. Preparation of fuel mixture

Three different fuel types were created: AB10 blend fuel consisting of 
10% AB and 90% gasoline by volume, AB15 blend fuel consisting of 15% 
AB and 85% gasoline, and AB20 blend fuel consisting of 20% AB and 
80% gasoline, respectively. Thus, four test fuel types, one pure gasoline, 
were prepared for use in the experiments. The flow diagrams of the 
blended fuels are given in Fig. 2.

The experimental mixture fuels were analyzed at the Fuel Analysis 
Laboratory of the Department of Automotive Engineering, Adana 
Cukurova University. The physical and chemical properties of the 
blended fuels are given in Table 1.

The experimental fuels were analyzed at the Fuel Analysis Labora
tory of the Department of Automotive Engineering, Adana Cukurova 
University.

2.5. Experimental setup

The blended fuels prepared at Van Yüzüncü Yil University, Faculty of 
Science, Department of Chemistry were tested in the engine test labo
ratories of Sakarya University of Applied Sciences, Arifiye Vocational 
School, Department of Motor Vehicles and Transportation Technologies. 
The experimental study was conducted on a single-cylinder air-cooled 
spark ignition Honda GX200 model engine. The technical specifications 
of the engine in which the blended fuels were tested are given in Table 2.

The schematic picture of the experimental setup is given in Fig. 3. In 
the setup, there’s a fuel tank that would contain test fuel. The fuel tank is 
placed on a precision scale. This precision scale has an accuracy of 0.01 
g. Fuel consumption values are calculated by dividing the amount of fuel 
consumed in 1 min by the engine power with this sensitive scale. A 
Plint&Partners electric dynamometer was used during the experiment to 
control the engine by braking precisely. The experimental engine was 
connected to the dynamometer via a coupling. By checking the 

dynamometer with the help of the control panel, the test engine was 
given the first movement (starter) with the dynamometer, the engine 
was loaded after the engine was started. When the electric dynamometer 
works as a starter, it provides the necessary direct current by converting 
the alternating current in the network into direct current by a rectifier. 
After the engine starts, the control key is turned to the dynamometer 
position to load the test engine. The installation process is achieved by 
switching on and off the resistor at the output of the dynamometer. A 
bar-type load cell with 0.1 kg sensitivity was connected to the dyna
mometer to measure the power produced by the test engine. The load 
cell was calibrated precisely before the experiments. As the engine runs, 
it creates exhaust gases that flow through a pipe. The temperature of 
exhaust gases is measured because it tells us how well the fuel is burning. 
Too hot might mean the engine is running too lean, and too cool might 
suggest incomplete combustion. For exhaust gas temperature measure
ment, exhaust gas temperature was measured with a K-type thermo
couple placed in the exhaust manifold.

2.6. Test procedure

The tests were carried out at a constant 2500 rpm, where the engine’s 
maximum torque value is. The engine was loaded under five different 
loads at this speed, and experiments were carried out. Engine tests were 
measured for full loading (100%), 75%, 50%, 25% loadings and no load 
situations. Each experiment was repeated three times, and the arith
metic average of the results was recorded.

There is an emissions measuring device, which is an essential part of 
this setup. It analyzes the exhaust gases to determine the levels of 

Fig. 1. Flow diagram of experiments.

Fig. 2. Flow diagram of preparation of AB10, AB15, AB20 mixture fuels.

Table 1 
Properties of the fuels used in the experiments.

Fuel specifications G100 AB10 AB15 AB20

Kinematic viscosity (40 ◦C) mm2/ 
s

0.65–0.80 0.86 0.865 0.85

Density (g/cm3) 720–750 752 754 756
Octane number 95 90.9 88.72 86.2
Lower heating value (cal/g) 10400 10115.7 9957.425 9746.2

Table 2 
Test engine specifications.

Test Engine Honda GX200

Compression ratio 8.5/1
Cooling System Forced air
Cylinder number 1
Engine Type 4 Stroke, Over Head Valve
Maximum engine speed (rpm) 3600
Maximum torque (Nm/2500 rpm) 12.4
Maximum power (kW/3000 rpm) 4.8
Volume (cm3) 196
Bore x stroke (mm) 68 x 54
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various pollutants the engine emits, such as carbon monoxide, nitrogen 
oxides, and unburned hydrocarbons. These measurements help us un
derstand the environmental impact of the fuel being tested and are 
crucial for making sure that the fuel meets regulatory standards. The 
exhaust emissions measurements were done by connecting the device’s 
exhaust emissions measurement apparatus to the experimental engine’s 
exhaust outlet pipe. Technical specifications of the exhaust emission 
device (Bosch BEA 460 brand emission device) used in the experiments 
are given in Table 3.

2.7. Uncertainty analysis

In the measurement of a parameter, the total error is calculated using 
Equation (1), which considers manufacturing errors, fixed errors, and 
random errors. The uncertainty in WR, derived from a function R of 
independent variables x1, x2, …, xn, is determined by the uncertainties 
w1, w2, …, wn associated with these variables [56]. 

WR =

[(
∂R
∂X1

W1

)2

+

(
∂R
∂X2

W2

)2

+ … +

(
∂R
∂Xn

Wn

)2
]1

2

(1) 

Table 3 provides uncertainties for engine speed and emissions (CO, 
CO2, HC, O2). Manufacturer specifications indicate uncertainties of 
±1 ◦C for air temperature, ±0.5% for CO, ±2% for CO2, ±12% for HC, 
and ±0.4% for O2. Also, ±0.02% for load cell, ±1% for engine speed, 
and ±0.1% for fuel consumption is calculated as.

3. Results and discussions

Before proceeding to motor performance and emission tests, melting 
point determination, FT-IR spectroscopy, XRD, EA, 1H, and 11B-NMR 
techniques were utilized to characterize the AB compound used as a fuel 
additive. The melting point of AB was determined to be 103 ◦C. This 
melting point was observed to be relatively consistent with the literature 
data [57]. The FT-IR spectrum provided for the AB compound (Fig. 4), 
along with its characteristic vibration regions, showed that the N–H 
stretching, B–H stretching, N–H deformation, B–H deformation, B–N 
stretching, and B–H stretching vibration peaks were highly consistent 
with the literature data [50]. This was considered evidence that the 
synthesis of AB was successfully carried out on a laboratory scale.

Based on previous studies, it is understood that synthetic AB has a 
crystalline structure. Therefore, an XRD analysis was performed to 
determine both the crystallinity and the characteristic diffraction 

Fig. 3. The schematic view of the experimental setup.

Table 3 
Technical specifications of the exhaust gas analyzer (Bosch BEA 460).

Component Sensitivity Tolerance

CO 0.001 %vol ±0.005 %vol
CO2 0.01 %vol ±0.2 %vol
HC [ppm vol] 1 ±12 ppm
O2 0.01 %vol ±0.4 %vol
Lambda 0.001 –
NO [ppm vol] 1 – Fig. 4. FT-IR spectrum of AB.
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reflections of the synthesized AB. Fig. 5 shows the XRD pattern of AB. AB 
has a tetragonal crystal structure. The characteristic reflection peaks at 
2θ = 24.2◦, 24.5◦, 34.2◦, 35.7◦, 42.5◦, 43.6◦, 55.5◦, and 57.7◦ prove that 
the product is highly crystalline when compared to the reference (01- 
074-0894 JPDS file) [58,59].

The elemental analysis results of the synthesized AB show 42.15% N 
and 18.08% H. When compared to 100% pure AB (45.38% N and 
19.60% H), it was observed that the synthetic AB contained less than 1% 
(0.69%) C. According to the results, the product obtained with 
approximately 92% purity was found to be consistent with the reported 
literature results [54,55]. Furthermore, it was observed that the solvent 
used during the synthesis could be easily recycled using simple rotary 
evaporation and reused without any pre-purification.

Another piece of evidence that AB was synthesized with high purity 
can be observed in the 1H and 11B-NMR spectra. The 1H and 11B-NMR 
spectra of the samples prepared in DMSO‑d6 solvent are presented in 
Fig. S1 and Fig. S2, respectively. According to the NMR results, the 
observed chemical shift values were found to be quite similar to the 
literature values, indicating that the synthesis process was largely suc
cessful [54,55,60,61]. It should be noted that the signals observed at 
~2.5 ppm and ~3.5 ppm in the 1H NMR spectrum correspond to the 
chemical shift values of DMSO. Furthermore, the presence of partial 
impurity signals in the relevant spectrum, consistent with the elemental 
analysis results, indicates that a 100% pure product was not obtained.

Fig. 6 shows the variation of break-specific fuel consumption (BSFC) 
depending on the engine load. The BSFC values for each fuel 
type—G100, AB10, AB15, and AB20—decrease as the engine load in
creases from 25% to 100%. At 25% load, G100 has the lowest BSFC 
value of 776.69 g/kWh, while AB20 has the highest at 1216.56 g/kWh. 
At 50% load, the BSFC values are reduced for all fuels, with G100 again 
showing the lowest value of 541.20 g/kWh and AB20 the highest at 
758.15 g/kWh. At 75% load, the trend continues similarly, with G100 at 
418.64 g/kWh and AB20 at 664.11 g/kWh. At full load (100%), G100 
has the most significant decrease in BSFC to 347.03 g/kWh, and AB20 
shows the least efficiency with a value of 555.39 g/kWh. According to 
the graph, as the engine load increases, the specific fuel consumption 
decreases for all fuels. When the engine loads were 50%, 75%, and 
100%, there was a 56%, 20%, 15% decrease in all fuels, respectively, 
compared to the 25% load case. The provided data clearly show that 
G100 consistently offers the best fuel efficiency across all engine loads, 
indicating that pure gasoline may provide more energy per unit of fuel 
consumed or that the engine is better optimized for this fuel type than 
the blends. The gradual decrease in BSFC values with increased engine 
loads is a common trend, as engines generally operate more efficiently at 

higher loads. This is due to various factors, including better thermal 
efficiency and reduced relative friction losses at higher operating tem
peratures and pressures. AB10, AB15, and AB20 blends exhibit higher 
BSFC values at all loads than G100. AB20 has the highest values. When 
the fuel properties are examined, there has been an increase in the 
specific fuel consumption due to the decrease in the lower calorific value 
of the fuel, especially with the addition of AB fuel. It can be said that this 
especially depends on the lower calorific value of the fuel [17,25,36,
62–64].

The variation of exhaust gas temperature depending on engine load 
is given in Fig. 7. The experimental measurements for exhaust gas 
temperatures were conducted at varying load percentages ranging from 
0% to 100%. Four fuel types were analyzed: G100, AB10, AB15, and 
AB20. The results indicate that the exhaust gas temperatures varied with 
load and fuel type. The G100 fuel type exhibited the highest tempera
tures across all load levels, starting at 625.5 ◦C at 0% load and increasing 
to 730.9 ◦C at 100% load. This suggests a high level of combustion ef
ficiency or possibly a higher energy content per unit volume. Compared 
to the G100, the AB10, AB15, and AB20 variants showed a decrease in 
exhaust temperatures at all load levels. The reason for this is the 
decrease in lower heating value due to adding the AB fuel additive. At 

Fig. 5. XRD pattern of AB.

Fig. 6. Variation of break-specific fuel consumption with engine load.

Fig. 7. Variation of exhaust gas temperature with engine load.
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0% load, AB10 began at 588.2 ◦C, AB15 at 573.4 ◦C, and AB20 at 
558.6 ◦C. These temperatures increased with the load, with AB10 
reaching 680.1 ◦C, AB15 reaching 655.2 ◦C, and AB20 reaching 630.2 ◦C 
at 100% load, respectively. The blended fuels used in the engine, AB10, 
AB15, AB20, decreased by 4.58%, 7.16%, and 9.73%, respectively, 
compared to G100 fuel. The trend in the data indicates that the G100 
fuel type, potentially pure gasoline, has a consistent increase in tem
perature with the load, which could be attributed to higher energy 
content and a consequent increase in the combustion temperature. In 
contrast, the blended fuels (AB10, AB15, and AB20) show a moderated 
temperature profile. At higher loads (50% and above), the difference in 
exhaust gas temperatures between G100 and the blends becomes more 
pronounced. This leads to a decrease in exhaust gas temperature. 
Additionally, the lower energy content and possible inefficiencies in the 
combustion process result in reduced power and torque outputs [65,66]. 
In the literature, studies with different fuel additives, such as phthalo
cyanine, have shown a decrease in exhaust gas temperature compared to 
gasoline fuel [67,68].

Fig. 8 shows the plot of O2 emission variation with engine load. 
According to the graph, O2 increased at all engine loads compared to 
gasoline fuel. The O2 emission percentages show varying behavior 
across different loads for each fuel type. G100 starts at 1.7% O2 emis
sions at 0% load and decreases to 0.9% at full load (100%). AB10 has 
initial O2 emissions at 0.85%, almost half of G100’s emissions at 0% 
load, but increases to 1.21% at full load. AB15 begins at 1.8% and shows 
a consistent increase across all loads, reaching 2.895% at full load. AB20 
starts at 2.75% at no load and also increases to 4.58% at full load, 
showing the highest emissions among the fuels at most load levels. Each 
fuel shows a unique trend in O2 emissions as engine load changes, with 
G100 decreasing while the others increasing with engine load, especially 
AB15 and AB20. According to the graph, the highest O2 emission 
compared to gasoline fuel was 4.580% at 100% engine load with AB20 
blend fuel.

The increased release of oxygen in the exhaust emissions with amine- 
borane additive fuels is primarily due to AB’s hydrogen and nitrogen 
content. These elements alter the combustion chemistry, resulting in 
incomplete combustion and higher levels of unreacted oxygen in the 
exhaust gases. This phenomenon is more pronounced with higher AB 
concentrations, as evidenced by the higher O2 emissions in AB20 
compared to AB10 and AB15. Optimizing the combustion process and 
adjusting the air-fuel mixture for AB blends might help reduce these 
oxygen emissions. However, the current data indicates that the unique 

composition of AB significantly contributes to the observed increase in 
exhaust oxygen levels. This understanding is crucial for developing 
strategies to improve AB-gasoline blends’ combustion efficiency and 
emissions profile, balancing performance benefits with environmental 
impacts [69–72].

CO emission is caused by incomplete combustion or incomplete 
combustion in internal combustion gasoline or diesel engines. The 
variation of engine load with CO emission is shown in Fig. 9. The 
maximum reduction of 78.34% occurred with AB20 fuel compared to 
gasoline fuel under 100% engine load. The experimental results show 
that the CO emissions vary with the type of fuel used as well as the 
engine load. For G100, the emissions start at 7.920 units (the units are 
not specified, likely parts per million or a percentage) at 0% load and 
decrease to 2.581 units at 100% load. This descending trend suggests 
that CO emissions from G100 fuel are higher at lower engine loads and 
decrease as the load increases. Compared to G100, the blended fuels 
(AB10, AB15, and AB20) display significantly lower CO emissions across 
all loads. AB10 emissions range from 3.700 units at 0% load to 1.725 
units at 100% load. AB15 and AB20 both show an even greater reduction 
in emissions, with AB15 starting at 3.004 units at 0% load and falling to 
1.014 units at 100% load and AB20 starting at 2.309 units at 0% load 
and sharply decreasing to 0.303 units at 100% load.

The observed reduction in CO emissions for the blended fuels 
compared to G100 could be due to the combustion characteristics of the 
blends, which may burn more completely or at different temperatures 
compared to pure gasoline (G100). The data suggest that blending 
gasoline with other substances (possibly lower carbon fuels or additives 
that enhance combustion efficiency) significantly reduces CO emissions, 
which is a desired outcome from an environmental standpoint since CO 
is a harmful pollutant [66]. The substantial decrease in CO emissions 
with increased engine load for all fuels could be due to higher temper
atures and pressures at higher loads, which improve combustion effi
ciency and result in a more complete oxidation of carbon monoxide to 
carbon dioxide [73]. It is also interesting to note that the reduction in CO 
emissions is not linear with the increase in engine load, showing a more 
pronounced decrease between 0% and 50% load, after which the rate of 
decrease slows down. Among the blends, AB20 shows the lowest CO 
emissions at all engine loads, indicating that the blending ratio or the 
type of additive used in AB20 is most effective in reducing CO emissions. 
This might be due to a more optimized combustion process or the in
fluence of additives that promote complete fuel burning. It is note
worthy that at 100% load, AB10 shows a slight increase in CO emissions 

Fig. 8. Variation of O2 with engine load. Fig. 9. Variation of CO emission with engine load.
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compared to 75% load, which could be an anomaly or indicative of a 
characteristic of the blend that becomes apparent at full load. The 
study’s findings have important implications for environmental sus
tainability and engine design. They suggest that using blended fuels can 
significantly lower CO emissions, which could contribute to meeting 
emission standards and improving air quality. Future research should 
delve into the specific compositions of the blends and their combustion 
properties to further understand the mechanisms behind the observed 
differences in CO emissions [74–78].

Fig. 10 shows the change graph of CO2 emission depending on the 
engine load. CO2 emission is an emission resulting from complete 
combustion. CO2 emission is the amount of CO2 released into the at
mosphere. CO2 is one of the greenhouse gases and causes climate change 
by increasing the temperature in the atmosphere. G100 shows a starting 
CO2 emission of 8.250 at 0% load, increasing to 12.900 at full load. 
AB10 starts higher than G100 at 0% load with 12.950 and rises to 
13.560 at full load, showing the highest emissions at all load levels. 
AB15 begins at 12.735 at no load and goes up to 12.720 at full load. 
AB20 starts at 12.520 at 0% load, which is higher than G100 but lower 
than AB10 and AB15. It increases to 11.880 at 100% load, which is 
notably lower than all other fuels at full load. Across all fuels, the per
centage of CO2 emissions increases as the load increases, which is typical 
as more fuel is consumed to produce more power. When the graph is 
analyzed, CO2 emission of blended fuels increased compared to gasoline 
fuel at all engine loads. The highest rate of increase in CO2 emissions 
compared to gasoline fuel was 22.31% with AB10 blend fuel.

The progression of CO2 emissions with increasing engine load is 
consistent with expected combustion behavior, where higher loads de
mand more fuel, resulting in greater CO2 emissions. The G100 fuel, 
likely pure gasoline, exhibits the lowest initial CO2 emissions but 
steadily rises as the load increases. This could suggest that G100 is more 
efficient at lower loads but reaches similar efficiency levels as the blends 
at full load. The blends (AB10, AB15, and AB20) have higher initial CO2 
emissions at no load compared to G100, which may be attributed to less 
optimal combustion when the engine is not under significant load. The 
high starting point for AB10 could imply that this blend is less efficient 
than G100 at low load levels.AB20 presents an interesting case; despite 
starting with higher emissions at no load compared to G100, it ends with 
the lowest emissions at full load among all fuel types. This might indi
cate that the composition of AB20 offers better combustion efficiency or 
a higher oxygen content at higher operational loads, leading to more 
complete fuel burning and reduced CO2 production. The fact that AB15 
and AB20 show a decrease or a smaller increase in emissions from 75% 
to 100% load compared to the other fuels might suggest that these 
blends maintain better efficiency or combustion stability at high loads. 

This characteristic could be particularly advantageous in real-world 
settings where engines often operate at high loads. It is important to 
note that while CO2 is not a pollutant in the traditional sense, it is a 
significant greenhouse gas, and its reduction is vital for addressing 
climate change. The use of gasoline and its blends can be part of a 
strategy to mitigate environmental impact since these fuels are derived 
from renewable sources and may have a lower carbon footprint over 
their lifecycle compared to fossil fuels [75]. Studies in the literature 
have shown that the addition of various fuel additives such as phtha
locyanine to blended fuels results in decreased CO emissions compared 
to pure gasoline [67,68,79].

The HC emission change graph of the experimental fuels depending 
on the engine load is given in Fig. 11. The results indicate a clear trend of 
decreasing emissions with increasing engine load for all fuel types. G100 
displayed the highest HC emissions at no load with 248 ppm, signifi
cantly dropping to 38 ppm at full load. AB10 started with considerably 
lower emissions than G100 at 0% load (49 ppm) and saw a reduction to 
34 ppm at full load. AB15 had an initial emission value of 64.5 ppm at 
0% load, which is notably lower than the other fuels, and decreased to 
35 ppm at 100% load. AB20 started with 80 ppm at no load and also 
showed a decrease, reaching 35.5 ppm at full load. The data illustrate a 
consistent reduction in HC emissions as the engine load increases for all 
fuel types, which is a common phenomenon as the higher temperatures 
and pressures at higher loads lead to more complete combustion. The 
maximum decrease was 42.84% at 100% engine load.

HC emission is the amount of hydrocarbons (HC) released into the 
atmosphere. HC emissions are gases that are formed during the complete 
combustion of fuel and vary depending on the structure of the fuel. HC 
emissions can form a flammable and explosive mixture in the air. They 
can also cause acid rain and damage the ozone layer. The marked 
decline in HC emissions with increased load for all fuels is typical due to 
the improved combustion efficiency at higher operational loads. The 
high initial HC emissions for G100 at idle could suggest poor combustion 
efficiency at low loads or that the fuel has a tendency to produce more 
unburnt hydrocarbons when the engine isn’t under significant load. The 
blended fuels AB10, AB15, and AB20 begin with lower HC emissions at 
0% load compared to G100, indicating better combustion efficiency at 
idle or possibly the presence of additives that reduce incomplete com
bustion. The lower initial emissions for AB15 and AB20 suggest these 
blends effectively reduce HC emissions even at low loads. AB10, while 
starting better than G100, shows a less consistent reduction pattern and 
increases HC emissions at full load compared to AB15 and AB20. This 
could imply that the blend components in AB10 are not as effective at 
maintaining low HC emissions under high load conditions as the other 

Fig. 10. Variation of CO2 emission with engine load. Fig. 11. Variation of HC emission with engine load.
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blends. AB15 and AB20 stand out for their low emissions at high loads, 
suggesting that these fuel compositions may include components that 
promote better combustion or have inherent properties that result in 
fewer unburnt hydrocarbons. Certain additives in the blends could also 
be responsible for the catalytic conversion of HC emissions, even at 
lower temperatures. The difference between AB10’s higher emissions at 
100% load compared to AB15 and AB20 could be attributed to various 
factors, including the blend’s specific components, their interaction with 
the engine’s combustion chamber, and how they influence the com
bustion process at different loads. It’s worth noting that HC emissions 
are a critical environmental concern since they contribute to smog for
mation and have health implications. Reducing HC emissions is an 
important objective for engine operation and fuel formulation. Future 
research should focus on the qualitative analysis of these emissions to 
understand the types of hydrocarbons emitted and how they may vary 
between the different fuel types and loads. Additionally, investigating 
the combustion characteristics of the fuels, the engine’s efficiency with 
each type of fuel, and the role of potential additives could provide 
valuable insights into how to further reduce HC emissions. In conclu
sion, the data show that fuel composition and engine load significantly 
affect HC emissions. Blended fuels, especially AB15 and AB20, have 
demonstrated the potential to reduce HC emissions more effectively 
than pure gasoline (G100), especially at higher loads. This information 
could be vital for engine manufacturers and users when choosing fuels 
for both environmental considerations and engine performance 
[80–83].

Fig. 12 shows the variation of NOx depending on the engine load. The 
experiment measured NOx emissions for four fuel types at various engine 
loads, from idle (0%) to full load (100%). G100 showed increasing NOx 
emissions from 15 ppm at 0% load to 65 ppm at 100% load. AB10 started 
with much lower emissions at 7 ppm at 0% load, increasing to 50 ppm at 
100% load. AB15 had the lowest initial emissions at 8.5 ppm at 0% load, 
with a slight increase to 55 ppm at full load. AB20 emissions began at 10 
ppm at 0% load and rose to 60 ppm at 100% load. For all fuels, NOx 
emissions increase as the engine load increases, which aligns with 
typical combustion engine behavior where higher combustion temper
atures at increased loads facilitate NOx formation.

The data suggest a clear trend of increasing NOx emissions with en
gine load for all tested fuel types. NOx emissions are predominantly 
formed in high-temperature environments, explaining the higher emis
sions observed at elevated engine loads.G100 shows a consistent and 
significant increase in NOx emissions with engine load. Being possibly 
pure gasoline, G100 may combust at higher temperatures, promoting 

NOx formation, especially under high-load conditions [76,84–86].
Fig. 13 presents the thermal efficiency of various gasoline-AB 

blends—G100 (pure gasoline), AB10, AB15, and AB20—across 
different engine loads (0.25, 0.5, 0.75, and 1). The thermal efficiencies 
are expressed as percentages. At a load of 0.25, G100 exhibits an effi
ciency of 10.64%. Among the AB blends, AB10 shows the highest effi
ciency at this load with 12.09%, followed by AB15 at 11.01%, and AB20 
at 9.91%. As the load increases to 0.5, the efficiency of G100 rises to 
15.27%. The AB blends display improved efficiencies compared to 
G100, with AB10 achieving 14.33%, AB15 reaching 12.98%, and AB20 
at 11.63%. At a load of 0.75, G100’s efficiency increases to 19.75%, 
while the AB blends continue to follow a similar trend: AB10 records 
17.70%, AB15 at 15.48%, and AB20 at 13.27%. At full load (1), G100 
attains its highest efficiency at 23.82%. Among the AB blends, AB10 
demonstrates the highest efficiency at 18.85%, followed by AB15 at 
17.36%, while AB20, which had shown higher efficiency than G100 at 
lower loads, achieves 15.87%, falling behind the other blends at full 
load.

The results indicate a decline in thermal efficiency across all engine 
loads with the incorporation of ammonia-borane (AB) into gasoline. 
Pure gasoline (G100) demonstrates a steady increase in efficiency as the 
engine load increases, reaching a maximum efficiency of 23.82% at full 
load. In contrast, adding AB (AB10, AB15, AB20) leads to a marked 
reduction in thermal efficiency, particularly at higher loads. Among the 
AB blends, AB10 consistently exhibits the highest efficiency at all load 
levels. At a load of 0.25, AB10 achieves an efficiency of 9.03%, which is 
lower than G100 but higher than both AB15 and AB20. As the load in
creases, AB10 records efficiencies of 14.33% at 0.5 load and 17.70% at 
0.75 load. AB10 achieves the highest efficiency at full load among the 
AB blends, with a value of 18.85%. AB15 also shows improvements 
relative to G100, particularly at higher loads, achieving 12.98% effi
ciency at 0.5 load, 15.48% at 0.75 load, and 17.36% at full load, though 
it remains lower than G100 and AB10. AB20 exhibits lower efficiencies 
than G100 at low and high loads, recording 11.63% at 0.5 load, 13.27% 
at 0.75 load, and 15.87% at full load. AB10 consistently shows higher 
efficiency at elevated loads than AB15 and AB20 [38,41].

Nie et al. (2024) conducted a study that assessed the impact of 
ammonia-diesel dual fuel combustion at various altitudes on several 
parameters, including in-cylinder pressure, heat release rate, in-cylinder 
temperature, ignition delay, CA50, combustion duration, and emissions 
like NOx, ammonia (NH3), and CO2. The results indicated that as the rate 
of ammonia substitution increased, there was a significant reduction in 
NOx and CO2 emissions. However, the levels of unburned NH3, particle 

Fig. 12. Variation of NOx emission with engine load. Fig. 13. Variation of thermal efficiency with engine load.
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number (PN), total hydrocarbons (THC), and CO emissions rose [87]. 
Liu et al. (2024) aimed to investigate the combustion and emission 
performance of a single-cylinder spark ignition engine fueled with 
ammonia and gasoline mixtures under various operating conditions. The 
study examined the effects of ammonia (NH3) mixture ratio, engine 
load, EGR rate, engine speed, intake variable valve timing (VVT) phase, 
fuel composition, and octane rating. The findings indicated that NH3 
mixtures can effectively reduce knock, optimize combustion timing, 
improve thermal efficiency, and lower NOx emissions [88]. In addition 
to these benefits, achieving higher energy efficiency is also supported by 
advancements such as new geometric designs in heat sinks and the 
application of nanofluids [89,90].

4. Conclusion

In this study, the performance and exhaust emissions of AB10, AB15, 
and AB20 blend fuels were experimentally investigated as fuel in a four- 
stroke, single-cylinder gasoline engine, and the results obtained are 
listed below:

• According to the test results made with the AB20 mixture compared 
to G100 under full load conditions, it is seen that the BSFC value 
increases by 60.04%. When compared to pure gasoline, it is seen that 
the BSFC value increases as the AB amount in the mixture content 
increases. This situation shows that the energy required to meet the 
same engine torque increases due to lower heating values in the test 
points made under the same load conditions. When the data in the 
thermal efficiency graph is examined, the decreasing thermal effi
ciency values support this situation as the AB ratio in the mixture 
content increases.

• According to the test results conducted with the AB20 mixture 
compared to G100 under full load conditions, the thermal efficiency 
value decreases by 33.36%. Compared to pure gasoline, the thermal 
efficiency value decreases as the AB amount in the mixture content 
increases.

• The study suggests potential environmental benefits of AB blends, 
showing reductions in emissions such as CO, HC, and NOx, indicating 
a favorable trade-off between performance degradation and envi
ronmental impact.

These findings underscore further research’s need to optimize AB 
concentrations in fuel blends, aiming to balance performance gains with 
reductions in power output and fuel efficiency. Understanding AB’s 
specific chemical and physical interactions in combustion processes 
could lead to tailored fuel formulations that optimize engine perfor
mance and environmental outcomes.

Future research

Future research could focus on several avenues to advance the study 
of amine-borane additives in gasoline engines. Investigating the syner
gistic effects of combining amine-borane with other fuel additives, such 
as antioxidants or combustion catalysts, could uncover optimized for
mulations that maximize engine performance and minimize emissions. 
Additionally, exploring the scalability and cost-effectiveness of pro
ducing amine-borane additives on a commercial scale would be crucial 
for their widespread adoption in the automotive industry. Further 
studies could also delve into the impact of these additives on exhaust 
after-treatment systems and their potential to facilitate compliance with 
stringent emissions regulations.
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