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[bookmark: _heading=h.gjdgxs]    Abstract. This article analyzes alcohol waste's impact on motor fuels' ecological parameters. Adding alcohol waste improves engine starting, fuel evaporation, and combustion. Fusel oil reduces emissions in carburetor engines (5-7% optimal) and improves diesel fuel (10-12% optimal), reducing density, viscosity, and increasing cetane index.
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Introduction
[bookmark: _heading=h.91qbrjmz2m9v]Vehicle emissions significantly harm air quality and human health. The increasing number of vehicles on the roads has led to stricter fuel regulations worldwide, with billions of dollars being spent on initiatives aimed at reducing harmful emissions, as evidenced by international agreements like the Kyoto Protocol. Road transport is a major environmental polluter, releasing a variety of toxic substances, including carbon monoxide, nitrogen oxides, and hydrocarbons. These pollutants contribute to air pollution, respiratory diseases, and climate change. Table 1 provides a detailed breakdown of the composition of exhaust gases from both carburetor and diesel engines, highlighting the presence of toxic components like carbon monoxide and nitrogen oxides. [1]
Table 1
	Components of engine exhaust gases
	Concentration of exhaust gases in engines, % vol.
	Note

	
	[bookmark: _heading=h.2et92p0]carburetor 
	diesel
	

	1. Nitrogen
	74,00 -77,00
	76,00 – 78,00
	non-toxic

	2. Oxygen
	0,300 – 8,000
	2,0 – 18,000
	non-toxic

	3. Water vapor
	3,000 – 5,500
	0,5 – 4,000
	non-toxic

	4. Carbon dioxide
	5,000 – 12,000
	1,0 – 10,000
	non-toxic

	5. Carbon monoxide
	0,100 – 10,000
	0,01 – 5,000
	toxic

	6. Nitrogen oxides
	0,010 – 0,800
	0,004 – 0,060
	toxic

	7. Sulfur dioxide
	0 - 0,002
	0 - 0,030
	toxic

	8. Hydrocarbons
	0,200 - 3,000
	0,009 - 0,500
	toxic

	9. Aldehydes
	0 - 0,200
	0,001 - 0,009
	toxic

	10. Soot
	0 - 0,040
	0,010 - 1,100
	toxic

	11. Benzopyrene
	0,010 - 0,020
	up to  0,010
	toxic


[bookmark: _heading=h.girr4odg4erl]Carburetor engines are known to primarily release toxic carbon monoxide and nitrogen oxides. The use of high-octane gasoline, which contains a high concentration of aromatic compounds, has been shown to increase the emissions of benzopyrene. Diesel engines, on the other hand, tend to burn fuel more completely, resulting in fewer unburned hydrocarbons. However, they often produce higher amounts of sulfur dioxide and soot due to a weaker air supply. Despite this, diesel engines generally consume less fuel and emit fewer overall exhaust gases compared to gasoline engines of the same power output. It is crucial to note that complete fuel combustion in all engine types is essential for significantly reducing harmful emissions. [1-3]
[bookmark: _heading=h.m3twjwysfhf]There is a well-established European system for regulating the quality of automotive fuel, which classifies fuels into different ecological classes. Currently, the release of Euro-3, Euro-4, and Euro-5 fuel classes is regulated within the European Union. The specific requirements for each fuel class are determined by technical regulations. The latest environmental standard, Euro-6, was introduced in Europe in 2015. This standard represents a significant step forward in the development of diesel technologies, with a strong focus on reducing the environmental impact of diesel engines and improving the overall quality of diesel fuel.
[bookmark: _heading=h.8kzgumwg8rw]The main aspects of the Euro standards for motor fuels include:
1) [bookmark: _heading=h.adxjx9d7hmdm]Strict control over the quality of the fuel used. This ensures that fuels meet specific environmental and performance criteria.
2) [bookmark: _heading=h.itmfdtwisa2w]Limiting the level of sulfur in diesel fuel and reducing emissions of harmful sulfur compounds that contribute to air pollution. Sulfur dioxide emissions are a major concern due to their contribution to acid rain and respiratory problems. [3]
[bookmark: _heading=h.7qc8158ajyl8]Restrictions on emissions of nitrogen oxides and particulate matter require the use of advanced exhaust gas purification technologies and the improvement of combustion systems. These restrictions drive innovation in engine design and emission control.
[bookmark: _heading=h.n97e54w1zmf4]Control over the completeness of fuel indicators, which are important for ensuring their cleaner and faster combustion, thereby helping to reduce harmful emissions. Comprehensive monitoring of fuel properties ensures optimal performance and minimal environmental impact.
[bookmark: _heading=h.awtp19ay30m4]In conclusion, Euro-standard motor fuels, with their advanced environmental standards and strict emission regulations, are a vital step towards achieving a cleaner and more sustainable future for road transport. These standards not only reduce the harmful impact of vehicles on the environment but also increase the efficiency and productivity of engines.
[bookmark: _heading=h.50uyizorq6c4]The main factors that influence the combustion process in a carburetor engine include: the time it takes to prepare the combustible mixture, environmental parameters such as temperature and pressure, the thermal state of the engine, and the quality of the fuel used. Higher environmental temperature and pressure, along with a favorable thermal state of the engine, contribute to more complete fuel evaporation and a better quality of the combustible mixture. [4,5] An important direction for further improvement of the carburetor engine power system is to ensure the maximum possible evaporation of fuel before it enters the cylinder. To evaluate this parameter, the point of fractional distillation of gasoline – specifically, the boiling point of 50% by volume – is used. This point characterizes the completeness of fuel evaporation, the engine's quick transition from one operating mode to another, and the uniform distribution of fuel among the cylinders.
[bookmark: _heading=h.6flgsadshwfh]Other indicators of carburetor engine fuels that affect the environment include: the boiling point of 10% of the fuel, which improves the starting properties of the engine in cold conditions and influences its tendency to form gas plugs in the system; and the boiling points of 90% and the end of fuel boiling, which positively affect the completeness of its combustion and the uniformity of its supply to the engine cylinders.
[bookmark: _heading=h.y9famh95yrpr]Modern diesel fuel must meet numerous requirements to ensure reliable engine operation. The most important of these include: good fuel spraying and optimal mixture formation; complete combustion of fuel with a short ignition delay and minimal formation of soot and toxic substances; the ability to pump fuel effectively to ensure reliable and uninterrupted operation of the fuel system; low resin formation in the combustion chamber; no corrosion of fuel system parts; and stability of technological properties during long-term storage. [6]
[bookmark: _heading=h.207uh95c1sah]The main operational indicators of diesel fuel that, to varying degrees, affect the environment include: cetane number (cetane index), fractional composition, viscosity, density, and the presence of sulfur compounds. [6]
[bookmark: _heading=h.3h5tqorymq5u]The cetane number and cetane index characterize the ignitability of diesel fuel, which affects the presence of harmful components in exhaust gases, such as CO and CH. A shorter ignition delay period means the fuel burns faster. This speeds up engine operation and increases its power, which in turn reduces the content of harmful components in the exhaust gases. The reduction in the ignition delay period depends on the rate of hydrocarbon oxidation during the reactions that occur before the rapid combustion phase. If the pre-flame reactions proceed slowly, the ignition delay period increases, resulting in fuel accumulating in the cylinder and then igniting a significant amount at once. A decrease in the cetane number worsens the performance of the diesel's operating cycle, noticeably increasing the harshness of operation and wear of engine parts. If its value drops below 40 units, starting the engine becomes problematic even in warm weather due to the increased self-ignition temperature of the fuel.
[bookmark: _heading=h.ar9pfa670grz]Indicators such as viscosity and density determine the level of evaporation and mixture formation of diesel fuel, as well as the degree of its spraying in the combustion chamber. Denser and more viscous fuel ignites and burns worse, which leads to higher diesel fuel consumption and smoke in the exhaust gases. For all types of engines, a characteristic feature can be noted: the denser the diesel fuel, the higher the total content of aromatic hydrocarbons, and the more harmful compounds such as pyrene and benzopyrene are contained in the exhaust. [7]
[bookmark: _heading=h.ftfwtsxgfxs2]The fractional composition of diesel fuel determines the completeness of its combustion, the smoke, and the toxicity of the engine's exhaust gases. An analysis of the fuel fractional distillation points that affect the environment will be considered below.
[bookmark: _heading=h.256eo6915rs3]Many methods for optimizing the ecological parameters of motor fuels are discussed in the scientific literature.
[bookmark: _heading=h.iuuvzgss4gtg]It is known that the operation of a car in low ambient air temperatures leads to a deterioration of the engine's thermal state, which has a significant impact on increasing fuel consumption (by 10...30% or more) and, as a result, increasing the emission of harmful substances with exhaust gases. In this case, the increase in fuel consumption is associated with an increase in fuel viscosity, a deterioration in its ability to spray and evaporate. Fusel oil, an alcohol production by-product, can be used to create high-octane additives, offering a method to improve fuel ecological parameters and reduce waste. [7-13]
[bookmark: _heading=h.1t3h5sf]
Research Methodology
For experimental studies, a straight-run fraction of gasoline and diesel fuel after atmospheric distillation was used, as well as fusel oil (FO) – a waste product of alcohol production. Fusel oil contains a mixture of higher alcohols (isoamyl, isobutyl, n-propyl, ethyl), water, and a small amount of esters.
The study was conducted in two stages – studying the effect of FO on the ecological parameters of gasoline (1st stage) and studying the effect of FO on the ecological parameters of diesel fuel (2nd stage). In the first stage, mixtures of gasoline with fusel oil (FO) additives were prepared in the following volumetric proportions:
1.  gasoline (100%) + FO (0%), 2. gasoline (95%) + FO (5%),
2.  gasoline (94%) + FO (6%), 4. gasoline (92.5%) + FO (7.5%),
3.  gasoline (90%) + FO (10%), 6. gasoline (85%) + FO (15%).
Distillation of gasoline and prepared mixtures was carried out, during which their fractional composition was determined, namely: the boiling points of the 10%-, 50%-, 90%-points, and the final boiling point [14]. The obtained fractional compositions were analyzed to determine.

In the second stage, mixtures of diesel fuel (DF) with fusel oil (FO) additives were prepared in the following volumetric proportions:

1.  DF (100%) + FO (0%), 4. DF (90%) + FO (10%),
2.  DF (95%) + FO (5%), 5. DF (88%) + FO (12%),
3.  DF (92%) + FO (8%), 6. DF (85%) + FO (15%).

For the resulting mixtures, the density ρ15 was determined by the pycnometric method, and the kinematic viscosity ν by a capillary viscometer. After that, distillation of diesel fuel and prepared mixtures was carried out, during which their fractional composition was determined, namely: the initial boiling point, and boiling points of the 10%- and 50%-points. The obtained fractional compositions were analyzed and the cetane indices for the analyzed samples were determined.
For diesel fuels, the main parameters characterizing the ignition delay period of the fuel-air mixture under compression are the cetane number and the cetane index (CI) – an indicator used in European standards.
The CI was determined according to DSTU ISO 4264:2009 (ISO 4264:1995, IDT) by a method that consists of determining the density of diesel fuel at 15°C and the average boiling point of 50% (by volume) of its quantity. The cetane index was calculated using the formula:
CI = 454.74 – 1641.416 ρ + 774.74 ρ2 – 0.554 T50% + 97.803 (lgt)2,
where ρ – diesel fuel density at 15°C, g/cm3;
T50% – boiling point of 50% (by volume) of the analyzed mixture, °C.

[bookmark: _heading=h.lnxbz9]Results and Discussion
The research initially focused on how fusel oil affects the fuel mixture's fractional composition, specifically analyzing how changes in boiling points impact gasoline's ecological properties. Experimental results (Table 2) indicated that alcohol waste influences fuel parameters for carburetor engines, including the 10%, 50%, and 90% boiling points, as well as the final boiling point.
[bookmark: _heading=h.44sinio] Table 2 
[bookmark: _heading=h.7wn7elwzvg7k]Main characteristics of the fuel mixture with fusel oil (FO) additives for assessing the ecology of a carburetor engine. 
Fuel mixture content	, % vol.	Main characteristics of the fuel mixture	
Gasoline	СO	ρ420	Т10%,	оС	Т50%,	оС	T90%,	оС	Ткк,	оС
100	-	0,7633	80	130	174	174
95	5	0,7653	62	118	172	172
94	6	0,7263	53	87	160	155
92,5	7,5	0,7663	88	125	157	157
90	10	0,7674	98	127	158	160
85	15	0,7688	98	130	170	175

Adding fusel oil lowers the fuel's 10% boiling point (Fig. 1), which enhances engine starting in cold weather and reduces vapor lock formation. Consequently, it shortens the time needed to prepare the fuel-air mixture during cold periods, leading to fewer harmful emissions. The ideal fusel oil concentration in the fuel blend is between 5-7% by volume (Fig. 2).


	[image: ]
	[image: ]

	Fig. 1. Dependence of the boiling point of the 10% fraction of the fuel mixture on the concentration of fusel oil (FO) in gasoline


	Fig. 2. Comparison of boiling points of the 10% fraction of gasoline and the fuel mixture (Gasoline + Fusel Oil) at different concentrations of fusel oil in gasoline. 


[bookmark: _heading=h.1y810tw] For cleaner emissions, fuel should evaporate well before entering the engine cylinder. The 50% boiling point (T50%) indicates this. Adding fusel oil lowers the T50%, improving evaporation, engine responsiveness, and fuel distribution among cylinders (Fig. 3 & 4).
[bookmark: _heading=h.ijl2bl6w5srd] 
	[image: ]
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	Fig. 3. Dependence of the boiling point of the 50% fraction of the fuel mixture on the concentration of fusel oil (FO) in gasoline


	Fig. 4. Comparison of boiling points of the 50% fraction of gasoline and the fuel mixture (Gasoline + Fusel Oil) at different concentrations of Fusel Oil in gasoline. 


[bookmark: _heading=h.6n8j0o2asqpb]Fusel oil lowers the fuel's 90% and final boiling points, improving combustion and fuel delivery to engine cylinders (Fig. 5). This reduces carbon monoxide and nitrogen oxide emissions. The ideal fusel oil concentration is 6-10% by volume (Fig. 6).
[bookmark: _heading=h.hhavpr6ht802]
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	Fig. 5. Dependence of the boiling point of the 90% fraction of the fuel mixture on the concentration of fusel oil (FO) in gasoline


	Fig. 6. Comparison of boiling points of the 90% fraction of gasoline and the fuel mixture (Gasoline + Fusel Oil) at different concentrations of fusel oil in gasoline.


[bookmark: _heading=h.2xcytpi]         The results of the experimental and calculated data, which were determined for diesel fuel and its mixtures with fusel oil additives, are presented in Table 3. The results provided were used to analyze the main operational and ecological indicators of the fuel mixtures.
Table 3
[bookmark: _heading=h.wumpponk37rl]Main characteristics of the fuel mixture with fusel oil (FO) additives for assessing the ecology of a diesel engine.
	Fuel mixture content, % vol.
	Main characteristics of the fuel mixture

	DF,
%vol.
	FO, 
%vol.
	ν 20,
сСт
	ρ15,
kg/m3
	Тпк,
оС
	Т10,
оС
	Т50,
оС
	CI

	100
	-
	4,05
	835,52
	94
	208
	277
	42,53

	95
	5
	3,84
	807,42
	90
	165
	275
	43,75

	92
	8
	3,45
	802,65
	91
	148
	270
	45,59

	90
	10
	3,42
	802,73
	92
	151
	271
	46,84

	88
	12
	3,39
	801,66
	93
	172
	272
	47,26

	85
	15
	3,39
	801,45
	93
	183
	281
	46,87


Diesel fuel viscosity and density significantly impact environmental performance. Lower viscosity improves fuel atomization, ignition, and combustion, leading to reduced fuel consumption and emissions. Conversely, higher viscosity hinders these processes, resulting in increased fuel use and exhaust smoke. Reduced fuel density also lowers the mass flow rate during engine operation.
Figure 7 shows that adding fusel oil (FO) to diesel fuel decreases both density and viscosity proportionally. This positively affects the previously mentioned indicators. The decrease begins with initial FO concentration and stabilizes at 10-15% by volume. Within this optimal range, viscosity drops by 19% and density by 4% compared to pure diesel fuel. Figure 8 illustrates the percentage decrease in density with varying FO amounts.
Diesel fuel density also indicates aromatic hydrocarbon content. These hydrocarbons can form harmful substances like pyrene and benzopyrene during combustion, polluting the air. Studies show that decreasing diesel fuel density from 860-870 to 800 kg/m3 reduces aromatic hydrocarbons from approximately 27% to 15%. Based on this, the 4% density reduction in our case suggests a 6-9% decrease in aromatic hydrocarbons, which improves the composition of engine exhaust gases.
	[image: ]
	[image: ]

	Fig. 7. Dependence of density and viscosity of the fuel mixture on the concentration of fusel oil (FO) in diesel fuel

	Fig. 8. Comparison of densities of diesel fuel (DF) and the fuel mixture (DF + Fusel Oil) at different concentrations of fusel oil in diesel fuel.



[bookmark: _heading=h.2bn6wsx]      A key factor for cleaner diesel fuel combustion is the cetane index. A higher cetane index means faster pre-oxidation and ignition, leading to reduced harmful emissions. Euro diesel fuel should have a cetane index of at least 46.0.
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	Fig. 9. Dependence of the cetane index of the fuel mixture on the concentration of fusel oil (FO) in diesel fuel.


	Fig. 10. Comparison of cetane indices of diesel fuel (DF) and the fuel mixture (DF + FO) at different concentrations of FO in diesel fuel.  



Adding 10% fusel oil (FO) to diesel fuel meets Euro standards for cetane index (CI), while 12% FO raises it to 47.3 (Fig. 9 & 10). FO also lowers the 10% boiling point, improving cold starts and reducing emissions. The ideal FO concentration for this is 8-10% (Fig. 11 & 12).

[bookmark: _heading=h.qsh70q]
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	Fig. 11. Dependence of the boiling point of the 10% fraction of the fuel mixture on the concentration of fusel oil (FO) in diesel fuel.


	Fig. 12. Comparison of boiling points of the 10% fraction of diesel fuel (DF) and the fuel mixture (DF + Fusel Oil) at different concentrations of fusel oil in diesel fuel.



        A lower 50% boiling point (t50) in diesel fuel improves engine warm-up speed, reduces fuel consumption, and enhances maneuverability, benefiting urban driving. Adding fusel oil (FO) significantly decreases t50, with an optimal FO concentration of 10% by volume (Fig. 13 & 14).
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	Fig. 13. Dependence of the boiling point of the 50% fraction of the fuel mixture on the concentration of fusel oil (FO) in diesel fuel

	Fig. 14. Comparison of boiling points of the 50% fraction of diesel fuel (DF) and the fuel mixture (DF + Fusel Oil) at different concentrations of fusel oil in diesel fuel. 



Conclusions
[bookmark: _heading=h.s79y6rd7sqwd]Fusel oil, a byproduct of alcohol production, can be incorporated into motor fuels to lessen vehicle-related environmental pollution.
[bookmark: _heading=h.83fumru40j8z]Adding fusel oil improves gasoline's fractional composition. It enhances engine starting in cold conditions, promotes fuel evaporation, and improves combustion completeness and fuel distribution to engine cylinders. These improvements contribute to reducing carbon monoxide and nitrogen oxide emissions. The ideal fusel oil concentration in gasoline is 5-7% by volume.
[bookmark: _heading=h.612cmdgjpwsa]Fusel oil also positively impacts diesel fuel's ecological parameters. It lowers fuel density and viscosity, aiding in spraying, ignition, and combustion, leading to reduced fuel consumption. Lowering fuel density can decrease aromatic hydrocarbon content, improving exhaust gas composition. Fusel oil increases the cetane index, promoting cleaner and faster combustion and reducing harmful emissions. It also lowers the 10% and 50% boiling points of the fuel mixture, improving engine operation in various modes, easing cold starts, and enhancing maneuverability. This reduces carbon monoxide and nitrogen oxide emissions.
[bookmark: _heading=h.g2fee7fmkt0l]Adding fusel oil to diesel fuels enhances their ecological parameters and helps them meet Euro standards. The optimal fusel oil concentration in diesel fuel is 10-12% by volume.
[bookmark: _heading=h.uwju25d95jxm]
[bookmark: _heading=h.2p2csry]
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