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Abstract- This paper aims to investigate the impact of utilizing 

different blends of water ammonia solution (WAS) and gasoline 

fuel (GF) on the exhaust emission and the engine performance of 

spark ignition (SI) engine and compare the obtained results with a 

base case where gasoline is used a sole fuel in the SI engine. The 

results show that the use of ammonia solution as an addition to 

gasoline fuel increases the overall thermal efficiency. Moreover, 

blending GF and Was at a ratio of 75% to 25% respectively 

achieved a maximum overall efficiency of 38.96% at the maximum 

load condition. In addition, the specific fuel consumption of the 

previously mentioned blend is reduced significantly compared to 

the base case. However, the results displayed that adding WAS 

leads to an upsurge in the CO, HC, and NOx levels. 

Keywords: Spark Ignition Engine; Gasoline; Ammonia; 

Combustion; Engine Emissions 

I INTRODUCTION 

   Vehicles are widely regarded as the biggest contributor to 

both the energy crises and greenhouse gas emissions. They 

account for 60.5 percent of world petroleum usage in the United 

States, for example, and are predicted to boost global CO2 

emissions by 30-50 percent by 2050 [1]. Several alternative 

fuels–vehicle combinations are being considered for 

replacement of the internal combustion engine (ICE) vehicles to 

reduce greenhouse gas (GHG) emissions and the dependence on 

fossil fuels. Ammonia is an encouraging, carbon-free fuel. 

However, further implementation of ammonia as a fuel in the 

near future is possible if extensive research is conducted. 

Although ammonia is currently extracted from fossil fuels, the 

greenhouse gas footprint of ammonia can almost be eliminated 

in the future if it is generated from renewable sources using 

green electricity [2, 3].  

Ammonia, in particular, has a range of properties that need 

further study. Compared to other fuels, it ignites and burns 

poorly and is toxic and corrosive, making safe handling and 

storage necessary. Burning ammonia may also lead to higher 

NOx emissions unless it is regulated either after treatment or by 

optimizing the method of combustion [4]. Showing interest, 

internal combustion engines (ICE) transform heat energy into 

mechanical work after the internal combustion of any carbon 

fuel [5, 6]. The fuel charge can be supplied either via the 

injection before the intake ports of the cylinder or directly within 

the combustion chamber, known as direct injection (DI) engines 

[7, 8].  

   Air and fuel combustion occur whether by supplying an 

ignition source, such as a spark in a Spark Ignition (SI) engine 

or by compression when the fuel's auto-ignition temperature is 

reached, recognized as the CI engine [9, 10]. Combustion has 

always been the main source of energy for human and industrial 

activities across the globe, and in the past, efforts were made to 

reduce GHG emissions through increased efficiency of 

combustion equipment [11]. Combusting new fuels for both the 

stationary engines and the ICEs are being investigated [12-14]. 

Combustion of which makes a significant contribution to air 

pollution by emitting significant amounts of soot, carbon 

dioxide (CO2), and nitrogen oxides (NOx), thereby devoting to 

the greenhouse impact [15, 16].  

For several years, generators are utilized to generate power by 

burning carbon fuels; however, these fuels produced harmful 

emissions, and a potential alternative may occur in the use of 

carbon-free fuels such as ammonia. One alternative is to propose 

a novel electric generator that works on ammonia. Regrettably, 

because these generators are generally designed to operate with 

other forms of fuel, some issues arise with the utilization of 

ammonia to run these generators.  

   Arda and Dincer [17] discuss these issues and other 

reasonable alternatives by examining the mixture of ammonia 

with other fuel types. Ammonia is regarded as an alternate and 

green fuel since it contains hydrogen and nitrogen; when it burns 

completely, it produces nitrogen and water, avoiding any CO2 

emissions that emit from conventional ICEs running on fossil 

fuels [18]. However, achieving any significant reduction in the 

harmful emissions from ammonia ICEs compared to 

conventional ICEs is inadequate criterion to promote the use of 

ammonia ICEs, and thermal efficiency evaluation for ammonia 

ICEs should also be considered. There are several difficulties 

associated with the usage of ammonia, owing to the sluggish 

speed of the burning flames, and ammonia’s low temperatures 

of flames. Therefore, a combustion enhancer is necessary to 
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maintain a suitable ICE performance along with the mitigation 

of the harmful emissions [19, 20]. Additionally, ammonia high 

autoignition temperature complicates its use in SI engines, since 

it results in a lower temperature of combustion and a reduced 

engine power [21].  

   Regardless of the previous mentioned shortcomings, 

ammonia can highly contribute to a better environment which 

promotes it as a potential candidate to be a suitable fossil fuel 

alternative shortly. Additionally, its potential to keep hydrogen 

should be considered as the cost of keeping hydrogen is three 

times that of storing ammonia, making it a safe and efficient 

method of storing hydrogen [17].  The generators have been 

categorized in the literature according to engine ignition type. 

CI and SI generators are the two most common types employed 

in these generators, as they use distinct processes to ignite and 

consume the fuel. Each type has multiple merits and demerits 

when contrasted to the other types. Numerous studies are carried 

out on the usage of ammonia-gasoline combinations or 

ammonia as a sole fuel with hydrogen a combustion enhancer in 

SI engines [17, 22-25].  

   Experimental results demonstrated that using water 

ammonia solution-gasoline blended fuels mitigated the engine 

performance. The different investigations proved that mixing 

WAS with GF increased the overall thermal efficiency and 

brake power. Nonetheless, a noticeable decrease in the brake 

and specific fuel consumption of the engine is observed. 

However, HC and CO emission levels are increased with the 

augmentation of the WAS in the blend due to the incomplete 

combustion of the fuel mixture [16]. It can be understood from 

the present literature review that mixing WAS with GF in SI 

engine improves engine performance and increases harmful 

emissions. 

   The world is currently facing two major issues, namely the 

scarcity of the fossil fuel resources, and the global warming, 

which originates from the extensive combustion of fossil fuels 

and releasing greenhouse gases such as CO2. Therefore, 

utilizing alternative fuels, particularly carbon-free fuels such as 

ammonia and hydrogen, that can replace the fossil fuel ones  is 

mandatory.  The objectives of this study are as follows: 

1. To Evaluate the effect of using different proportional 

blends of WAS (secondary fuel) and GF on the SI engine 

performance. 

2. To Assess the effect of using different proportional 

blends of WAS (secondary fuel) and GF on the SI 

exhaust emisions. 

3. To compare the results of the ICE performance, 

represented in thermal efficiency, for the ICE that uses 

different proportional WAS-GF blends to ICE utilizing 

only GF.  

4. To compare the obtained exhaust emissions, represented 

in CO2, HC, CO and NOx released from the ICE during 

the utilization of different proportional WAS-GF blends 

to the emissions emitted from ICE that utilizes only GF. 

II. EXPERIMENTAL METHODOLOGY DESCRIPTION  

2.1 Engine specification 

The engine utilized in this study is a single cylinder four 

stroke air cooled engine with cubic capacity of 212 cm3, and a 

maximum output power of 2.5 kW at 3000 rpm.  The engine is 

directly coupled to AC generator with rated output capacity of 

2.5 kW, 220 V, 50 Hz. The major specifications of the engine 

are given in Table 1. 

 
TABLE 1: ENGINE SPECIFICATION 

 

Type Single Cylinder, Four Stroke 

Displacement (cm3) 212 

Bore x Stroke (mm) 70×54 

Method of Cooling Forced Air Cooling 

Model Designation Lincon-Ge3500(D)-Lc7000 

Compression Ratio 8.5:1 

Rated Output Power 2.5 kW at 3000 rpm 

Fuel Delivery System Conventional Carburetor 

Electric load board: 

 The electric load board was used as a variable electric loads. 

It consists of (2 columns * 5 rows) of lamps. The power of each 

lamp is 500 watts. The electric current generated is consumed 

through illuminating a number of lighting bulbs, as shown in (). 

The load can be controlled by switching on or off each column.  

2.2  Experimental apparatus and test procedure 

The generator's produced electrical power was evaluated 

using an electrical digital voltmeter and a digital A meter to 

determine the engine load. Exhaust gases such as CO, CO2, 

NOx, O2, and HC are quantified using a commercial gas 

analyzer device, model "SDK-HPC500 via a sensor that is 

placed in a designed sheet metal box right after the muffler to 

avoid the existence of any residue of water vapor. demonstrates 

the schematic of the investigated engine along with the 

instrumentation devices.   

displays the engine setup in the lab during engine loading.  

During this investigation, various fuel samples were 

investigated experimentally. Base gasoline (92 octanes) was 

obtained from a local fuel station. A local chemicals supplier 

provided the WAS with a purity of 25%. For the testing purpose, 

gasoline has a lower heating value of 42.45 MJ/kg. WAS is 

estimated to have a heating value of 2.69 MJ/kg. Gasoline has a 

density of 700-765 Kg/m3, while ammonia solution has a 

density of 910 Kg/m3. Five test combinations were prepared by 

mixing base gasoline with WAS as described in Table 2. The 

blended fuels were prepared immediately before the start of the 

experiment to ensure that the fuel mixture is homogeneous.  
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TABLE 2 : Gasoline / Water Ammonia Solution Fuel Blends 

 

Blends Gasoline % WAS% Identification 

1 100 - Gasoline 

2 95 5 WAS 5% 

3 90 10 WAS 10% 

4 85 15 WAS 15% 

5 80 20 WAS 20% 

6 75 25 WAS 25% 

 

TABLE 3:  Uncertainties Of Test Set Up Measurements 

 

Measurement Accuracy 

BTE Max. 2.4% 

BSFC Max. 2.4% 

Calculated results Uncertainly 

CO2 ±0.1% 

CO ±0.1% 

HC ±1 ppm 

NOx ±1 ppm 

 

The engine was started by hand cranking with a recoil starter 

rope. Just after the engine is started, the choke was turned into a 

fully open position. The engine was permitted to keep running 

for a time ranging from 10-15 minutes for warming up and 

achieving steady condition. The testing was performed at a 

consistent speed rate of 3000 rpm and with the following load 

variations: no load, 0.5 kW, 1 kW, 1.50 kW, 2 kW, and 2.5 kW. 

Then, different WAS-GF blends were supplied to the engine 

consecutively under the same test conditions. Once the engine's 

operating condition is stabilized, exhaust emission constituents 

were recorded. Before switching the operation of the engine to 

another fuel mixture, it was permitted to keep it running for a 

sufficient time to burn any fuel remaning from the past 

experiment. 

 

III.RESULTS AND DISCUSSION 

3.1 Ammonia solution –gasoline blends experiments 

It is well established that ammonia derived from renewable 

energy sources will provide a green-originated carbon free fuel 

[11].  To improve combustion, the blends of ammonia solution 

and GF were used to optimize the engine's performance [16].   

Ammonia has enormous promise as a substitute for petroleum-

based fuels. When combined with hydrocarbon fuels, ammonia 

can be utilized as an alternative fuel to power current ICE. 

Similar to Methanol and gasoline fuel mixes, these types of 

mixtures c/an be utilized to market ammonia as an alternative 

fuel. The properties of the fuels utilized in this study are given 

in Table 4. The effect of changing the proportions of WAS to 

GF on engine fuel consumption, thermal efficiency of the 

enegine and exhaust emissions temperature and composition are 

discussed in the following sections. 

A. Fuel consumption and specific fuel consumption 

(FC&SFC) 

The effect of changing WAS proportion in the G-WAS blend 

on the engine FC at different loads is presented in Fig. 3. There 

is no discernible difference between gasoline and different G-

WAS blends in terms of FC. In general, the blend with 75% G 

and 25% WAS displays the least FC at the different load 

conditions. This is maybe due to the presence of oxygen in the 

fuel blend, which enhances combustion efficiency. 

   SFC is characterized as the fuel consumption for each 

produced power unit. SFC data at various engine loads are 

shown in Fig. 4. The fact that the SFC reduced as the engine load 

grew for all tested fuels might be attributed to the fact that the 

rate of the generated power is greater than the rate of increase of 

the fuel consumption. SFC values for G75-WAS 25 fuel were 

lower than those for gasoline fuel at maximum load condition. 

This is because G75-WAS25 is an oxygenated fuel, which 

results in improved combustion and thus lower SFC values. 

 
TABLE 4 : Properties of The Utilized Fuels  

 

Water Ammonia 

Hydroxide 
Gasoline Fuel property 

NH4OH C8H18 Chemical formula 

910 700-760 Density (kg/m3) 

 14.6 Stoichiometric air/fuel ratio 

2.69 42.45 Low calorific value (MJ/Kg) 

 46.6 High calorific value (MJ/Kg) 

310 30-220 Boiling Point (deg C) 

 -57 Freezing Point (deg C) 

 80-98 Research Octane number 

 81-84 Motor Octane number 

 1.47-7.6 Flammability limit 

0.475 0.29 Viscosity (at 20°C) (CP) 

 

B. Thermal efficiency of the engine (ƞth) 

   As well known, engine thermal efficiency is defined as the 

ratio of power generated to the energy contained in the fuel 

burned. It quantifies the effectiveness of combustion within the 

engine cylinder [26]. The comparison of the thermal efficiency 

for the examined blends is shown in Fig. 5. At the engine speed 

of 3000 rpm, the thermal efficiencies for the blends with WAS 

15%, WAS 20%, WAS 25% at an engine output power of 0.5 

kW are increased by 8.9%, 19.1%, and 30.9%, respectively, 

compared to the thermal efficiency of the engine running on 

pure gasoline. 

Moreover, the engine thermal efficiencies at the highest 

possible engine power (2.5 kW) for WAS 15%, WAS 20%, 

WAS 25%  are found to be higher than that of the pure gasoline 

engine by 16%, 28.2%, and 38.9%, respectively.  
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Fig. 1:  Schematic of the investigated engine coupled with the electric generator along with the different instrumentation devices. 

 

 
Fig. 2: Experimental setup direct phots 

 
 

 

 
Fig. 3: Comparison of fuel consumption for different gasoline/WAS blends and 

its variation with engine power at constant speed of 3000 rpm.  

 
Fig. 4: Comparison of Specific fuel consumption for different gasoline/WAS 

blends at various engine power at constant speed 3000 rpm. 
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Fig. 5: Comparison of overall Efficiency for different gasoline/WAS blends at 

different power of an engine operating at a constant speed of 3000 rpm. 

 
Fig. 6: Comparison of the exhaust temperature for different gasoline/WAS 

blends at various power of an engine running at a constant speed of 3000 rpm. 

 

It is observed that the blend with 25% of WAS provides a 

higher thermal efficiency compared to GF and the other blends 

at different engine output power, especially at high engine 

power  of 2.5 kW. The main reason for this behavior is that the 

blend with 25% of WAS is already consuming less fuel 

compared to the other blends at the same output 

powe .Therefore, the engine input energy for the blend with 25% 

of WAS is lower than the engine input energy of the other 

blends. 
 

C. Exhaust Gas Temperature (EGT) 

The EGT demonstrates the efficient utilization of heat energy 

from the fuel. A greater value is unpleasant because it reduces 

the fuel's heat energy's conversion to useful work [27]. Overall, 

WAS combinations have a reduced EGT than standard gasoline. 

Thus, as anticipated, as the quantity of ammonia in the 

combustion chamber increases, the combustion temperature 

values may decrease due to the sluggish speed of combustion 

and ammonia’s lower temperature of the flames. Incomplete 

combustion can occur at low cylinder temperatures [28]. 
 

3.2 Emission characteristics 

A. Effect on CO emissions 

   Fig. 7 illustrates the influence of utilizing different blends 

of WAS-GF on the engine CO emissions and the results are 

compared to CO emission from pure gasoline engine. For the 

gasoline and the other blends, the engine CO emissions decrease 

with the increase of the engine power. However, the utilization 

of the WAS based blends show higher levels of CO compared 

to the GF.  A potential reason for the higher CO emissions is 

related to the possibility of incomplete combustion of the WAS 

owing to the reduced combustion temperature of ammonia, 

particularly at low loads [29]. Moreover, the addition of the 

ammonia fuel to the GF reduces the pressure and temperature of 

combustion leading to an upsurge in the CO emissions [30].  

It can be seen that CO emissions at low engine load of 0.5 kW 

achieve a higher level of increase compared to pure gasoline 

fuel, especially with supplying WAS 25%, WAS20%, and WAS 

15%, respectively, to the engine. For instance, using WAS 15%, 

WAS 20%, and WAS 25% blends at an engine power of 0.5 kW 

and 3000 rpm result in an augmentation in the CO emissions of 

about 7.3%, 8.46%, and 9.6%, respectively compared to GF. 

Nonetheless, at high engine load of 2.5 kW, the CO emissions 

for the same blends increase by 3.9%, 5.8%, and 7%, 

respectively. Accordingly, it can be concluded that the addition 

of WAS into gasoline is more enviromental for getting lower 

emissions at high engine loads. 

 

 
Fig. 7: Comparison of Carbon Monoxide emissions for different gasoline/WAS 

blends at various engine power and constant speed of 3000 rpm. 

 

B. Carbon dioxide (CO2) emission 

CO2 occurs in the atmosphere and carbon is a main 

component in any fossil fuel composition. Thus, the combustion 

process of the fossil fuels encounters the release of CO2. Fig. 8 

shows the effect of utilizing different proportions of WAS and 

GF on CO2 emissions. In the instance of CO2, the impact of 

WAS on the amount of CO2 released from the engine is 

determined to be minimal.  
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   The variations in the concentration of CO2 are found not to 

be larger than 18 percent after the combination of WAS with 

GF. It is observed that the ideal ratios that provide the lowest 

CO2 emissions are achieved by adding WAS to the GF at 

percentages of 20% and 15%, respectively.  Whereas the 

percentage of CO2 emission also increases with WAS 5% 

WAS10%, and WAS 25% blends.  At the start of the 

combustion, the percentage was reduced due to the insufficient 

mixing of WAS with gasoline, as ammonia is a polarized 

molecule and gasoline is a nonpolarized molecule with a long 

carbon chain. This decreases ammonia's solubility in gasoline 

[31], and consequently the percentage of CO2 gradually 

decreased with WAS15%, WAS20%, and WAS25%, 

respectively. Fig. 8 illustrates the variations of CO2 emissions at 

various engine power. CO2 concentrations are observed to 

increase with any augmentation in engine power. 

  

 
Fig. 8: Variation of the Co2 emissions with engine power for different 

gasoline/WAS blends at engine constant speed of 3000 rpm. 

 

C. Hydrocarbons (HC) emission 

   HC productions, which are mainly determined by unburned 

mixtures, occur on the outskirts of reaction regions [32]. At low 

loads, leaner mixture and lower combustion temperature 

increase HC emission caused by flame quenching on the 

chamber walls. Fig. 9 shows that the emissions of HC released 

from the use of different WAS blends are higher than that of 

pure gasoline. The combustion pressure and temperature are 

reduced, leading to an increase in the CO and HC emissions 

[30]. 

Fig. 9 shows clearly that the variation of HC emissions with 

the engine power for the different WAS-GF blends. It can be 

noted that HC emissions increase with engine load. Nonetheless, 

it decrease with the increase of the WAS percentage in the fuel 

blend, particularly at low engine power. At the low engine 

power of 0.5 kW, the increase of the HC emissions for WAS 

15%, WAS 20%, and WAS 25%, are found to be 13.8%, 8.3%, 

and 6.36%, respectively, compared to the gasoline base case. At 

high engine power of 2.5 kW, HC emissions of WAS 25% are 

observed to surge up by 10.58%, compared to base gasoline 

case. 

 
Fig. 9: Variation of the HC emissions with engine power for different 

gasoline/WAS blends at engine constant speed of 3000 rpm. 

D. Nitrogen oxides (NOx) emissions 

   As illustrated in Fig. 10, NOx emissions increase with 

increasing engine power for all the blended fuels. NOx 

generation requires a greater combustion temperature, a 

prolonged residence time at that temperature, and oxygen 

enrichment in the reaction areas. When engine load increases, 

the combustion temperature may increase, leading to increased 

NOx emissions  [33]. Furthermore, the increase in the NOx 

emissions may also attributed to the increase in the WAS 

percentage in the fuel blends, which consequently increases the 

percentage of nitrogen in the mixture and increases the chance 

of forming NOx in the released exhaust. 

 

 
Fig. 10: Variation of the NOx emissions with engine power for different 

gasoline/WAS blends at engine constant speed of 3000 rpm. 

 

IV. CONCLUSION 

   The impacts of adding different proportions of WAS to GF 

on the released emissions and engine performance were 

explored experimentally via a single cylinder air cooled and 

naturally aspirated test engine. The percentage of the added 

WAS varied from 5% to 25 % by volume basis in the fuel blend 

that mainly contains commercial gasoline with 92 octane 

number The primary findings of the current study are as follows: 

1. The obtained results indicate that the thermal efficiency of 
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the engine that operates with different WAS-GF blends 

achieves higher values compared to the thermal efficiency 

of the engine which runs only on GF. For instance, using 

25% of WAS in the blend attains an upsurge of 38.9% in 

the engine thermal efficiency.  

2. Utilization of gasoline accomplishes the lowest emissions 

of CO, CO2, HC and NOx. Moreover, the maximum 

improvement in CO emissions using WAS blends was 

obtained when a low percentage of WAS (WAS 5%) is 

utilized at an engine power of 3 kW. On the contrary, HC 

and CO2 emissions record the lowest values, almost 

comparable to gasoline base case, when a high percentage 

of WAS (WAS 25%) is utilized at an engine power of 0.5 

kW. 

3. The FC and SFC using WAS-GF blends were generally 

reduced compared to the pure gasoline base case, expressly 

when WAS 25% and WAS 15% are supplied to the engine. 

It can be also noticed that the SFC of WAS-GF blends is 

significantly reduced with the augmentation in the engine 

power. 

Carrying out dynamic analysis using different driving cycles 

should be considered to evaluate the performance and exhaust 

emission for the engine that operates with WAS-GF blend. 

Furthermore, the current research can be extended to examine 

the use of liquid ammonia instead of the WAS and investigates 

its influence on the performance and exhaust emission of the SI 

engine is 

 

List of abreviations 

WAS Water Ammonia Solution 

GF Gasoline Fuel 

CO Carbon Monoxide 

CO2 Carbon Dioxide 

HC Hydrocarbon 

NOX Nitrogen oxides emissions 

SI Spark Ignition 

DF Dual Fuel 

FC Fuel Consumption 

SFC Specific Fuel Consumption 

EGT Exhaust Gas Temperature 

GM Generator Motor 
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