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Abstract

:

This study investigates the impact of different biofuels, such as pure hydrogenated vegetable oil, hydrogenated vegetable oil, and biobutanol, as well as their blends, on the non-energetic operational characteristics of a compression ignition internal combustion engine. The research investigations were conducted using a turbocharged direct injection compression ignition engine that was put within a Skoda Octavia 1.9 TDI automobile. Throughout the investigation, the primary emphasis was placed on analyzing energy characteristics such as power, brake-specific fuel consumption (BSFC), brake thermal efficiency (BTE), and other related factors. The analysis involved the utilization of multiple combinations of bio-based fuels, namely four mixes of HVO with biobutanol (HVO100, HVOB5, HVOB10, and HVOB20), which were subsequently compared to fossil diesel (D100). The findings of the study indicate that the utilization of HVO100 fuel results in notable reductions in power output and mass fraction when compared to D100 gasoline. HVO100 fuel demonstrates superior performance to D100 gasoline, exhibiting a range of 1.7% to 28% improvement in brake-specific fuel consumption. Additionally, at an engine speed of 4500 rpm, the use of HVO100 fuel leads to a decrease in brake thermal efficiency of 4.4%.
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1. Introduction


The heightened consciousness throughout society regarding the detrimental effects of the road transport industry on the environment necessitates the implementation of more aggressive and transformative measures [1,2]. These activities primarily concentrate on the domains of legislation, technology, and fuel. The adverse effects of climate change and the persistent degradation of the environment present a significant risk to Europe and the global community as a whole [3,4].



Based on data provided by the European Environment Agency, it is seen that almost one-fourth of the European Union’s aggregate carbon dioxide (CO2) emissions in the year 2019 originated from the transportation sector. Notably, road transport accounted for 71.7% of these emissions [5]. The European Commission has recently implemented a comprehensive set of legislative propositions aimed at harmonizing the European Union’s climate, energy, transport, and tax policies [6,7]. The primary objective of these recommendations is to achieve a substantial reduction in net greenhouse gas emissions, targeting a minimum decrease of 55 percent by the year 2030 in comparison to the emission levels recorded in 1990. In accordance with the European Green Deal, there is a pressing need to curtail CO2 emissions and attain climate neutrality by 2050 [8]. To this end, it is imperative to achieve a 90% reduction in greenhouse gas emissions by 2050, relative to the levels seen in 1990 [9,10].



The European Union has been implementing measures over an extended period of time in order to mitigate the adverse effects of human activities on the environment [11,12]. One example of such endeavors involves the implementation of a series of laws that establish acceptable thresholds for exhaust emissions produced by automobiles sold within the European market. These regulations, known as the Euro exhaust emission standards (EURO), serve as a framework for governing the permitted levels of emissions [13,14,15]. The primary objective is to mitigate the adverse effects of road transportation on the environment and public health through the regulation of air pollutants, including nitrogen oxides (NOx), particulate matter (PM), hydrocarbons (HC), and carbon dioxide (CO2) [16,17,18]. The Euro 6d-ISC-FCM standard has been implemented since 2021. From a technology standpoint, these standards mandate the installation of fuel consumption monitoring devices in passenger vehicles [19,20,21]. Drawing on the literature, a comparative analysis can be conducted to assess the disparity between the quantities of pollutants discharged into the atmosphere by a vehicle during real-world driving conditions and the emission values officially reported by the manufacturer. Presently, in order to avoid financial penalties, automotive corporations are required to uphold an average carbon dioxide emission level of 95 g/km across all vehicles manufactured. In 2019, the mean carbon dioxide (CO2) emissions produced by automobiles registered within the European Union (EU) amounted to 122.4 g per kilometer. This figure exceeded the relevant regulatory threshold by an additional 27.4 g [22].



Standardized measuring testing is conducted on all newly manufactured automobiles [23,24]. The WLTP (Worldwide Harmonized Light Vehicles Test Procedure) driving cycle was implemented in September 2018, replacing the previously used New European Driving Cycle (NEDC) [25,26]. Furthermore, the Real Driving Emissions (RDE) emission test is employed to directly assess pollutant emissions while vehicles are in operation on public roads [27,28].



The European Union (EU) places significant emphasis on the promotion of issues pertaining to alternative fuels [29,30]. Biofuels derived from biomass for transportation purposes are regarded as a very promising category of alternative fuels with the potential to mitigate dependence on petroleum-based fuels and contribute to environmental sustainability [31,32].



The term “biofuel” encompasses a broad range of interpretations and encompasses a diverse array of substrates. Liquid or gaseous biofuels serve as a viable substitute for diesel oil due to their composition, which includes plant biocomponents such as rapeseed, soybean, sunflower, palm oil, and other oil plants. This composition contributes to a reduction in the use of petroleum-based fuels [33,34].



Biofuels can be categorized based on their physical state, the generation of production technique employed (first, second, or third generation), the type of engine they are used to power (compression ignition or spark ignition), or their specific application [35,36]. Biodiesel, classified as a first-generation biofuel, is widely recognized as the prevailing kind of biofuel. It mostly consists of methyl or ethyl esters of fatty acids, commonly referred to as Fatty Acid Methyl Esters (FAME) or Fatty Acid Ethylesters (FAEE) [37,38,39,40]. The primary methods employed in their manufacturing include esterification, transesterification, and cold pressing. Second-generation biofuels are derived only from waste biomass or substances that are not acceptable for use as food. Biohydrocarbons are a specific category of biocomponents that are added to biofuels as an admixture. The production of these substances involves the use of catalytic oil hydrogenation technology, a process that entails the elimination of oxygen and unsaturated bonds from triglyceride structures (known as hydrotreated vegetable oils—HVO) [41,42,43]. The resulting composition predominantly consists of liquid paraffinic hydrocarbons. The primary source of third-generation biofuels is predominantly derived from algae [44,45].



The European Union has been actively advocating for the advancement of electromobility in recent years. Battery electric vehicles (BEVs) are characterized by their emission-free nature during operation. The ecological impact of these entities is contingent upon the energy source used for their operation. The use of renewable energy sources (RES) for charging purposes ensures that the indirect emissions associated with an electric vehicle are primarily confined to its production phase. The factors that contribute to a lack of faith in this particular technical solution encompass deficiencies in the technical infrastructure, concerns over fire safety, and potential electromagnetic interference [46,47].



Many experts hold the view that investments in technology pertaining to electromobility are of a transitory nature. The focal solution pertains to hydrogen technologies [48]. The expeditious establishment of a competitive hydrogen production sector is of utmost importance, as it serves as a safeguard against political instability and has the potential to enhance the competitiveness and trade balance of numerous nations. The use of hydrogen will hold significant significance for economic sectors that face challenges in achieving decarbonization through direct electrification. This encompasses various sectors, including but not limited to transportation (road, sea, and rail) and industrial operations that necessitate elevated temperatures, such as the production of steel. Support is necessary for the development of both electric vehicle charging and hydrogen refueling infrastructures [49,50].



Primary biofuels and processed biofuels are the two categories that can be used to classify biofuels [51,52]. Primary biofuels are fuels that are produced from natural, unprocessed biomass and that may be used directly to generate heat and energy [53,54]. An example of a primary biofuel is firewood. Fuels that have been processed are referred to as processed biofuels. These fuels can be generated by processing biomass using a variety of different processes. Biofuels that have been processed can be classified as either first-, second-, or third-generation biofuels. First-generation biofuels are largely oxygen compounds, such as ethyl alcohol, fatty acid methyl esters (FAME), and ethers. These first-generation biofuels are created using biomethanol and bioethanol as their starting materials. Higher fuel stability during fuel storage and distribution is one advantage that hydrocarbon biofuels and second-generation biocomponents have over first-generation biofuels. This advantage is gained by comparing first-generation biofuels to second-generation biocomponents [55]. The production of bioethanol from lignocellulosic raw materials is one example. Other examples include the production of synthetic fuels from syngas produced by the gasification of biomass and the production of hydrocarbon fuels through the hydroconversion process (for example, HVO) [56]. It is possible to manufacture second-generation biofuels based on waste biomass, such as that which contains organic components of municipal garbage, waste vegetable oils and animal fats, or pure vegetable oils acquired from crops grown in degraded areas that are unfit for use in the food business. Microalgae are the primary component of biofuels of the third generation.



First-generation biofuel conversion procedures involve cold pressing, extraction, and transesterification in order to produce biodiesel [57]. This biodiesel is comprised of rapeseed oil methyl esters (RME) or methyl esters (FAME) and ethyl esters (FAEE) of higher fatty acids derived from other oil plants. The majority of FAME comes from the transesterification of various vegetable oils. HVO is a type of fuel that can be produced using a process known as catalytic hydrogenation. During this process, oxygen and unsaturated bonds are eliminated from triglyceride structures. In contrast to fatty acid methyl esters, HVO does not precipitate paraffin even at temperatures 20 degrees below zero, which results in a reduction of 10%. Mineral fuels have a cetane number that ranges from 70 to 90, do not include sulfur or aromatic hydrocarbons, and have zero nitrogen oxide emissions; however, diesel fuel made from minerals only has a cetane value of 51. The standards for fuels do not specify a maximum level of HVO concentration; rather, they demand simply that the finished product, in the form of diesel oil, meets the quality requirements that are specified in the standard. In actuality, diesel fuel can have between 20 and 30 percent HVO and an additional 7 percent FAME added to it.



Biofuels and alternative fuels for spark-ignition engines include ethanol, methanol, ethers, hydrocarbon synthetic fuels, liquefied petroleum gas, and hydrogen [58,59,60]. These fuels are also regarded as alternatives. In the field of powering compression-ignition engines, work is currently being carried out to obtain and use the following alternative fuels derived primarily from biomass: fatty acid esters (FAME and FAEE, from transesterification processes of rapeseed, sunflower, and soybean oils), dimethyl ether, fuel emulsions (water, pure vegetable oils, and hydrocarbon synthetic fuels), and fatty acid esters (FAME and FAEE). Fermentation and distillation are the two basic processes involved in the manufacturing of ethanol [61]. Using this method to produce fuel results in high overall production costs. Utilizing alternative substrates, such as waste cellulosic or lignocellulosic material, can help bring down the overall cost of production.



Diesel and natural gas are the two fuels that are used the most frequently to power generators; however, there are additional possibilities available. The performance of generator engines that are powered by renewable liquid fuels is comparable to the performance of generator engines that are driven by conventional diesel; however, there is a slight decrease in power as well as in fuel economy. The low-temperature characteristics of HVO and biodiesel must be suitable for the surroundings of the generator in order for them to be used.



When compared to the expenses of getting mineral fuels, the costs of manufacturing biofuels are significantly higher. The price of the raw material accounts for between 55 and 70 percent of the total production expenses; therefore, it has a significant impact on the overall cost of manufacturing biofuels. Due to this, many nations around the world encourage this industry by implementing administrative and fiscal restrictions on the biofuel market. This is carried out in the hopes of increasing the use of biofuels and, as a result, achieving the societal goals that have been presupposed. The availability and steadily increasing cost of the essential raw materials for production is the primary obstacle that all manufacturers of biocomponents are currently confronted with.




2. Materials and Methods


The vehicle used for the experiments was the Skoda Octavia, equipped with a 1.9-L TDI (Turbocharged Direct Injection) compression ignition engine, namely the type 1Z. This particular engine configuration consists of four cylinders and possesses a displacement of 1896 cm3. The engine exhibits a maximum power output of 66 kilowatts (kW) at an engine speed of 4000 revolutions per minute (rpm), while its maximum torque is recorded at 182 Newton meters (Nm) at an engine speed of 1900 rpm. Table 1 presents detailed information regarding the 1.9 TDI engine [62].



The torque and power of the engine in a Skoda Octavia equipped with a 1.9-L TDI diesel engine, namely the type 1Z, were assessed using a computerized vehicle test bench known as the MAHA LPS 2000 (as depicted in Figure 1 and detailed in Table 2).



During the experimental tests, the ROSS-TECH VCDS diagnostic tool was employed to retrieve data from the Electronic Control Unit (ECU) of the vehicle through an OBDII connection. The car diagnostic system known as ROSS-TECH VCDS collected data at regular intervals of 2.50 s [64,65,66].



The examination of engine ECU (electronic control unit) data revealed that the recorded data points, including engine speed (rpm), cyclic fuel quantity (mg/cycle), cyclic air mass (mg/cycle), fuel injection timing (°BTDC), turbocharger pressure (mbar), and fuel injection timing (mg/cycle), are transmitted in distinct blocks and lack precise synchronization in time.



Three sets of experiments were performed using the MAHA LPS 2000 vehicle test bench. During these studies, ECU data was recorded, and engine external speed parameters were measured.



The trials involved using an aggregate total of five distinct fuels and blends. The tested fuel samples encompassed several compositions, namely D100 (normal diesel), HVO100 (pure hydrotreated vegetable oil), 95/5, 90/10, and 80/20 (vol/vol) combinations of hydrotreated vegetable oil and biobutanol, as well as blends branded as HVOB5, HVOB10, and HVOB20. In order to enhance the lubricity of biobutanol blends, the inclusion of castor oil at a concentration of 5% by volume was implemented. The findings pertaining to the characteristics of pristine fuels are shown in Table 3 and Table 4.



The effective use of biobutanol requires the incorporation of specialized fuel additives or a fuel component that provides lubrication, as biobutanol diminishes the lubricating properties of the fuel blend. The selection of castor oil as a lubricant is attributed to its cost-effectiveness and the avoidance of expensive compatibility tests associated with the use of specialized additives.



The physicochemical parameters of the fuel were verified by using literature data and fuel characteristics provided by the manufacturer [67,68].





 





Table 3. Properties of 100% pure diesel, hydrotreated vegetable oil, biobutanol, and castor oil [69,70,71,72].






Table 3. Properties of 100% pure diesel, hydrotreated vegetable oil, biobutanol, and castor oil [69,70,71,72].





	Parameter
	Diesel
	HVO
	Biobutanol
	Castor Oil





	Density at 15 °C, kg/m3
	835.2
	779.1
	810.0
	964.4



	Element composition: (% mass): Carbon
	86.50
	84.80
	65.00
	73.80



	Hydrogen
	13.40
	15.30
	13.55
	11.50



	Oxygen
	0.0
	0.0
	21.50
	14.85



	Stoichiometric AFR
	14.79
	15.18
	11.30
	11.91



	Cetane number
	51
	70
	18
	28



	Lower heating value, MJ/kg
	43.09
	44.9
	33.3
	43.1



	Lower heating value, MJ/L
	36.90
	34.10
	26.71
	39.81



	Purity, %
	N/A
	N/A
	99.5
	100



	Manufacturer, City, Country
	Orlean Lietuva,

Juodeikiai, Lithuania
	Neste,

Espoo, Finland
	Carl Roth GmbH,

Karlsruhe, Germany
	Biochemlit,

Kaunas, Lithuania










 





Table 4. Properties of fuel mixtures.
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	Properties
	HVOB5
	HVOB10
	HVOB20





	Density at 15 °C, kg/m3
	780.5
	782.4
	786.4



	Element composition: (% mass): Carbon
	83.45
	82.55
	80.58



	Hydrogen
	15.32
	15.25
	15.03



	Oxygen
	1.11
	2.21
	4.41



	Stoichiometric AFR
	14.99
	14.77
	14.38



	Cetane number
	67.3
	64.7
	59.3



	Lower heating value, MJ/kg
	43.55
	42.98
	41.88



	Lower heating value, MJ/L
	33.98
	33.64
	32.93









3. Results


Figure 2 depicts the relationship between engine load and fuel composition across various engine speeds. The conventional diesel engine is capable of achieving a maximum torque of 190 Nm. The use of HVO100 fuel resulted in a reduction of 10% in this metric when compared to the use of D100 gasoline. The gradual addition of biobutanol to HVO fuel, increasing from 5% to 20%, resulted in a consistent drop in torque, with reductions of 11%, 15%, and 18% seen at each respective increment. Figure 3 displays engine power characteristics, exhibiting a similar pattern. The use of D100 gasoline results in a maximum power output of 64.5 kW, whereas HVO100 fuel exhibits a decrease in power output of 8%. Similarly, HVOB5 fuel demonstrates a reduction in power output of 11%, HVOB10 by 17%, and HVOB20 by 22% when compared to D100 fuel. The observed outcomes can be attributed to the reduced lower heating value (LHV) values, as indicated in Table 4 and Table 5. While the lower heating value of hydrotreated vegetable oil (HVO100) is higher than that of conventional diesel in terms of MJ/kg, it is important to note that the density of HVO100 is significantly lower than that of conventional diesel. Consequently, the lower heating value of HVO100, expressed in MJ/L, is lower when compared to D100, HVOB5, HVOB10, and HVOB20. This decrease in value is observed consistently across these fuel types.



Figure 4 depicts the fuel mass consumption per cycle (mf) as a function of fuel composition across various engine speeds. Based on the findings of the conducted research, it is evident that the greatest levels of fuel consumption are observed when employing ordinary diesel fuel, specifically at an engine speed of 1500 rpm. Following the substitution of the fuel with HVO100 and the subsequent introduction of biobutanol in several concentrations ranging from 5% to 20%, a consistent decline in the aforementioned value was observed. Specifically, the reduction percentages were as follows: HVO100—17%, HVOB5—18%, HVOB10—19%, and HVOB20—20%. When the engine speed reaches 4500 rpm when using HVO fuel and its blends with biobutanol, a little alteration in the trend is observed: the mass fraction (mf) value of HVO100 fuel is approximately 17% lower in comparison to D100. The use of HVOB5, HVOB10, and HVOB20 resulted in a decrease of approximately 2.4% as compared to the use of D100.



The air mass consumptions for each cycle, denoted as mair, are depicted in Figure 5. The use of D100 fuel resulted in the maximum air mass at a low engine speed of 1500 rpm. After transitioning the fuels to HVO100, there was an observed reduction of around 17% in this value. Additionally, as the concentration of biobutanol in HVO fuel was further raised from 5% to 20%, there was a consistent decrease in this value throughout the different fuel blends. Specifically, the reductions were as follows: HVOB5—18%, HVOB10—19%, and HVOB20—24% when compared to D100. In this particular scenario, the introduction of biobutanol into HVO fuel results in the presence of oxygen alongside biobutanol. Consequently, the resulting mair values exhibit a decrease in comparison to those observed in conventional diesel. When the engine speed reaches 4500 rpm when using HVO fuel and its blends with biobutanol, the observed trend remains consistent, albeit with slightly smaller variations in the drop compared to D100, ranging from 1% to 3.5%.



The air intake system of a compression ignition engine functions with an abundance of air, as depicted in Figure 6. Based on the obtained results, it can be observed that at an engine speed of 1500 rpm, the excess air ratio of HVO100 is decreased by 3% compared to conventional diesel, depending on the engine speed. Nevertheless, the introduction of biobutanol to HVO resulted in an increase in the excess air ratio. The addition of biobutanol at a concentration of 5% (referred to as HVOB5) resulted in a 12% increase, while the addition of biobutanol at a concentration of 10% (referred to as HVOB10) yielded a value equivalent to that of D100. Nevertheless, when the concentration of biobutanol in HVO fuel was increased to 20%, it was observed that the excess air ratio value was lower compared to that of conventional diesel, namely at 2.2%. The engine speed reached a maximum of 4500 rpm when using HVO100, HVOB10, and HVOB20 fuels. The air surplus values for these fuels were slightly higher, ranging from 0.6% to 1.8%, compared to ordinary diesel. The value of HVOB5 fuel was 1.2% lower compared to D100. The air-to-fuel ratio parameter determines the concentration of unburned hydrocarbons.



The brake-specific fuel mass consumption (BSFC) of the compression ignition engine is depicted in Figure 7. At an engine speed of 1500 rpm, the fuel mass consumption of HVO100, HVOB5, and HVOB10 is observed to be approximately 23% to 24% lower than that of D100. When biobutanol was incorporated into HVO at a concentration of up to 20%, the brake-specific fuel consumption (BSFC) exhibited a 7% increase in comparison to the use of pure diesel fuel (D100). When the engine speed is raised to 4500 rpm, the brake-specific fuel consumption (BSFC) of HVO fuel and blends of HVO and biobutanol (ranging from 5% to 20%) consistently exhibited higher values compared to D100. Specifically, the BSFC values for HVO100, HVOB5, HVOB10, and HVOB20 were found to be 1.7%, 10%, 19%, and 28% higher, respectively, than those of D100. Based on the findings of the fuel analysis (Table 1 and Table 2), it can be shown that the lower heating value of HVO100 by mass (MJ/kg), denoted as LHV_m, exhibited a 2.3% increase compared to D100. As the LHV_m value decreases, higher values of BSFC are obtained. The lower heating value (LHV_m) of the HVOB5 fuel mix was observed to be 1% greater compared to D100. Conversely, the LHV_m of HVOB10 was found to be 0.3% lower, while the LHV_m of HVOB20 was 2.8% lower, both in comparison to D100. The significance of brake-specific fuel consumption (BSFC) varies not only due to changes in LHV_m but also due to the engine brake thermal efficiency (Figure 8), which is influenced by the combustion process.



Figure 8 depicts the variation in brake thermal efficiency as a function of engine speed, ranging from 1500 rpm to 4500 rpm. The brake thermal efficiency (BTE) value of HVO100 was approximately 26% higher than that of D100 when operating at 1500 rpm. By elevating the biobutanol concentration in HVO fuel from 5% to 10%, a notable increase in the brake thermal efficiency (BTE) value of around 19% to 22% was observed in comparison to D100. However, when the biobutanol concentration reached 20% in HVO fuel, a decline of approximately 3.5% in BTE value was observed in comparison to D100. Nevertheless, the impact of biobutanol on thermal efficiency diminished as the engine speed increased. The brake thermal efficiency (BTE) of the D100 experienced a drop of around 4.4% at a constant engine speed of 4500 rpm. After increasing the concentration of biobutanol in HVO from 5% to 20%, it was observed that the brake thermal efficiency (BTE) value fell in comparison to D100. Specifically, the BTE value declined by approximately 10% with HVOB5, 16% with HVOB10, and 20% with HVOB20. The introduction of hydrogenated vegetable oil (HVO) and various combinations of HVO and biobutanol, coupled with an elevation in engine speed, reveals a discernible adverse impact of biobutanol on brake thermal efficiency (BTE).



The commencement of fuel injection, as shown by the start of injection (SOI) values, exhibited a consistent upward trend in direct correlation with the progressive escalation of engine speed, ranging from 1500 rpm to 4500 rpm. Based on the graphical representation, it is evident that the Start of Injection (SOI) values for various fuels and fuel mixes exhibit disparity when the engine operates at around 1500 revolutions per minute (rpm). In this specific engine mode, the SOI values were observed to vary. The D100 value corresponds to a crank angle degree (CAD) of around 2.6. The parameter known as Before Top Dead Center (BTDC) is denoted by HVO100 and has a value of around 1.3 CAD. Based on the data provided, it can be observed that the BTDC (Before Top Dead Center) timings for HVOB5, HVOB10, and HVOB20 are around 3.5 CAD, 3.6 CAD, and 1.3 CAD, respectively. It is worth noting that the HVOB20 timing exhibits a delay of 1.3 CAD compared to the D100 reference. The State of Interest (SOI) was regulated by the Electronic Control Unit (ECU). Various SOI values were acquired as a result of the distinct physicochemical characteristics of the fuel. At the maximum engine speed of around 4500 revolutions per minute (rpm), the disparities in Start of Injection (SOI) between various fuels and their combinations exhibited reduced magnitudes (Figure 9). The ignition timing for D100 is seen to be 15.0 CAD before top dead center (BTDC), while HVO100 exhibits an ignition timing of 15.6 CAD BTDC. Similarly, HVOB5 demonstrates an ignition timing of 15.8 CAD BTDC, HVOB10 exhibits an ignition timing of 15.4 CAD BTDC, and HVOB20 also displays an ignition timing of 15.4 CAD BTDC, which is 0.4 CAD sooner compared to D100. In summary, the delay values exhibited a modest decrease within a limited range as the engine speed increased up to 4500 rpm when employing HVO and HVO fuel combinations.




4. Discussion


When using various fuel sources, it is crucial to ascertain the parameters of interdependence alterations, which are evident in the correlation between distinct variables. Correlation enables the description of the patterns of co-variation between variables as well as the deliberate justification of the magnitude of relationships between variables. Various types of biofuels and their respective blends were used in the present investigation, alongside regular diesel fuel, which served as a reference for comparative analysis. To expedite the assessment of the impact of fuel type modifications on dependency strength, correlation dependencies were employed. These dependencies are visually depicted in Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 and quantitatively summarized in Table 5.



Upon closer inspection of Figure 10, it becomes clear that different fuel types result in the emergence of distinct inter-parameter connection patterns that are analogous to those previously observed. It is essential to recognize the interrelationships between revolutions and power, revolutions and SOI, power and engine speed, power and SOI, efficiency ratio, and fuel consumption, as well as the reciprocal influences of fuel and air masses. While emphasizing a robust connection ranging from 0.999 to 0.800, it is imperative to acknowledge the interrelationships between revolutions and power, revolutions, and SOI. When biofuels are used, whether in their unadulterated form or when combined with other substances, a strong connection may be seen developing between the load, the fuel mass, and the air mass.



While analyzing the correlations across individual biofuels and conducting comparisons between them, it is noted that the variations are less than 10%. This finding suggests that the parameters exhibit independent correlations regardless of the biofuel category. However, it is important to note that the parameters are not similar and exhibit variations based on the specific biofuel being considered.




5. Conclusions


The analysis carried out allowed for the following conclusions:




	
The maximum power output of D100 gasoline is 64.5 kW. However, when using HVO100 fuel, there is an 8% loss in power output. Similarly, HVOB5 fuel results in an 11% decrease, HVOB10 fuel leads to a 17% decrease, and HVOB20 fuel causes a 22% decrease in power output.



	
The research conducted revealed that the mass fraction (mf) of HVO100 fuel experiences a reduction of 17% when blended with biobutanol as the engine speed hits 4500 rpm. Additionally, a little alteration in the observed trend is observed at this specific engine speed.



	
The use of D100 fuel resulted in the attainment of the highest air mass at an engine speed of 1500 revolutions per minute (rpm). However, the subsequent switch to HVO100 fuel led to a reduction of approximately 17% in the aforementioned air mass. The values of HVOB5, HVOB10, and HVOB20 dropped as the concentration of biobutanol grew from 5% to 20%.



	
The brake-specific fuel consumption (BSFC) of HVO fuel and various blends of HVO and biobutanol consistently demonstrates superior performance compared to D100, exhibiting a range of values that consistently surpass D100 by 1.7% to 28%.



	
The brake thermal efficiency of the D100 had a decline of 4.4% at an engine speed of 4500 rpm. Furthermore, augmenting the concentration of biobutanol in HVO led to a reduction in the brake thermal efficiency value.



	
The Start of Injection (SOI) values exhibit variations across different fuels and mixtures during engine operation at 1500 rpm. The timings for Before Top Dead Center (BTDC) for HVOB5, HVOB10, and HVOB20 exhibit variations of 3.5 CAD, 3.6 CAD, and 1.3 CAD, respectively. Notably, the timing for HVOB20 demonstrates a delay of 1.3 CAD.
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Figure 1. Laboratory testing apparatus. 
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Figure 2. Engine load depending on fuel composition at different engine speeds. 
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Figure 3. Engine power depending on fuel composition at different engine speeds. 
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Figure 4. Fuel mass consumption per cycle depending on fuel composition at different engine speeds. 
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Figure 5. The dependence of air mass consumption per cycle on fuel composition at different engine speeds. 
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Figure 6. The dependence of excess air ratio on fuel composition at different engine speeds. 
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Figure 7. The dependence of BSFC by mass on fuel composition at different engine speeds. 
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Figure 8. The dependence of brake thermal efficiency on fuel composition at different engine speeds. 
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Figure 9. The start of injection depending on the fuel composition at different engine speeds. 
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Figure 10. Correlation parameters of engine parameters using different fuels: D100. 
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Figure 11. Correlation parameters of engine parameters using different fuels: HVO100. 
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Figure 12. Correlation parameters of engine parameters using different fuels: HVOB5. 
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Figure 13. Correlation parameters of engine parameters using different fuels: HVOB10. 
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Figure 14. Correlation parameters of engine parameters using different fuels: HVOB20. 






Figure 14. Correlation parameters of engine parameters using different fuels: HVOB20.



[image: Energies 17 00262 g014]







 





Table 1. The main parameters of the test engine (1.9 TDI type: 1Z) [62].
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	Parameter
	Value





	Engine type—number of cylinders
	Inline 4



	Engine code
	ALH



	Fuel type
	Diesel



	Engine alignment
	Transverse



	Engine displacement
	1896 cm3



	Bore x Stroke
	79.5 × 95.5 mm



	Number of valves
	8 Valves



	Aspiration
	Turbo



	Maximum power
	66 kW (4000 rpm)



	Maximum torque
	210 Nm (1900 rpm)



	Drive wheels
	FWD



	Piston diameter, mm
	79.5 mm



	Piston stroke, mm
	95.5 mm



	Compression ratio
	19.5



	Displacement
	1896 cm3



	Number of cylinders
	4/OHC



	Fuel injection
	Direct (single)



	Nozzle type
	Hole-type



	Nozzle opening pressure
	190 bar



	Nozzle and holder assembly
	Two spring



	Cooling system type
	Liquid cooling



	Transmission gearbox—number of speeds
	5 speed Manual










 





Table 2. The main parameters of the vehicle load bench (MAHA LPS 2000) [63].
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	Parameter
	Value





	Load eqiupment
	Electromagnetic brake



	Rate adjustment limits
	260



	Maximum measuring load
	6 kN (attractive force)



	Maximum break power, kW
	260



	Measurement error
	±2%










 





Table 5. The Pearson correlation coefficient values pertaining to various types of fuels.






Table 5. The Pearson correlation coefficient values pertaining to various types of fuels.





	
Engine’s Parameter

	
n [rpm]

	
P-Norm [kW]

	
M-Norm [Nm]

	
be [g/kWh]

	
ηe

	
Lambda

	
SOI [CAD BTDC]

	
mair [mg/cycle]

	
mf [mg/cycle]






	
D100




	
n [rpm]

	
1.000

	
0.898

	
0.249

	
−0.684

	
0.712

	
0.126

	
0.974

	
−0.519

	
−0.632




	
P-norm [kW]

	
0.898

	
1.000

	
0.638

	
−0.894

	
0.903

	
0.313

	
0.959

	
−0.112

	
−0.254




	
M-norm [Nm]

	
0.249

	
0.638

	
1.000

	
−0.848

	
0.819

	
0.646

	
0.411

	
0.677

	
0.491




	
be [g/kWh]

	
−0.684

	
−0.894

	
−0.848

	
1.000

	
−0.984

	
−0.665

	
−0.774

	
−0.243

	
0.002




	
ηe

	
0.712

	
0.903

	
0.819

	
−0.984

	
1.000

	
0.669

	
0.778

	
0.167

	
−0.094




	
lambda

	
0.126

	
0.313

	
0.646

	
−0.665

	
0.669

	
1.000

	
0.145

	
0.471

	
0.109




	
SOI [CAD BTDC]

	
0.974

	
0.959

	
0.411

	
−0.774

	
0.778

	
0.145

	
1.000

	
−0.347

	
−0.445




	
mair [mg/cycle]

	
−0.519

	
−0.112

	
0.677

	
−0.243

	
0.167

	
0.471

	
−0.347

	
1.000

	
0.928




	
mf [mg/cycle]

	
−0.632

	
−0.254

	
0.491

	
0.002

	
−0.094

	
0.109

	
−0.445

	
0.928

	
1.000




	
HVO100




	
n [rpm]

	
1.000

	
0.885

	
0.121

	
−0.667

	
0.668

	
0.355

	
0.969

	
−0.234

	
−0.334




	
P-norm [kW]

	
0.885

	
1.000

	
0.555

	
−0.840

	
0.809

	
0.399

	
0.969

	
0.212

	
0.114




	
M-norm [Nm]

	
0.121

	
0.555

	
1.000

	
−0.711

	
0.646

	
0.436

	
0.344

	
0.903

	
0.802




	
be [g/kWh]

	
−0.667

	
−0.840

	
−0.711

	
1.000

	
−0.987

	
−0.773

	
−0.757

	
−0.397

	
−0.174




	
ηe

	
0.668

	
0.809

	
0.646

	
−0.987

	
1.000

	
0.786

	
0.733

	
0.303

	
0.068




	
lambda

	
0.355

	
0.399

	
0.436

	
−0.773

	
0.786

	
1.000

	
0.358
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