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Abstract

:

This study examines the impact of the addition of bio-ethanol/bio-ETBE on the main volatility properties of gasoline. Although several studies have been published on the addition of ethanol or ETBE to gasoline, the simultaneous addition of these oxygenates has not been studied by taking the maximum oxygen content of 3.7% m/m into account. The EN 228:2012-A1:2017 standard specifies the requirements for marketed unleaded gasoline. This standard is able to determine, among other things, a gasoline type with a maximum oxygen content of 3.7% m/m and sets the maximum limits for ethanol content at 10% v/v and 22% v/v for ethers with a minimum five carbon atoms, such as ΕΤΒΕ. Five refinery fractions were mixed in various proportions and were used as base fuels. A total of 30 samples were prepared by blending the base fuels with bio-ethanol/bio-ETBE. In each of these base fuels, bio-ethanol was added in concentrations up to 10% v/v. Subsequently, bio-ETBE was added to each of these fuels in concentrations up to 20.8% v/v for use as a stabilizer. All of the samples were examined using the EN ISO 13016-1 and EN ISO 3405 test methods while considering the volatility requirements set by EN 228. The results showed that the addition of bio-ETBE has a beneficial effect on the volatility characteristics of the samples, as it reduces the vapor pressure of the final blend and sets all fuels in compliance with the required specification limits set by the EN 228 standard.
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1. Introduction


The last few decades have been defined by immense concerns regarding environmental pollution and climate change. Thus, sustainable development has become a global goal, especially in Europe, where the fight against climate change has become a political priority. As a means to this aim, the use of automotive fuels derived from biomass and severe strict fuel specifications have been introduced through stringent demanding environmental regulations [1,2].



The emissions that are produced by the transport sector make up a significant portion of the overall greenhouse gas (hereinafter GHG) emissions of the EU. Therefore, decarbonizing transport fuels or even just monitoring and reducing the GHG emissions produced by a fuel’s life cycle can significantly contribute to decreasing the total amount of GHG emissions. This information is necessary if the EU is to meet its GHG emission reduction goals. To achieve this, the EU has adopted various directives over the years that measures that are oriented to limiting pollutant emissions from light- and heavy-duty road vehicles [2,3].



Additionally, European Standards (EN) for conventional fuels have been established, which provide rules regarding the addition of renewable components to fuels [4,5]. For spark ignition gasoline engines, the possible biofuels that can be used as blending components are ethanol (EtOH: 100% renewable) and ethyl tert-butyl ether (ETBE: 47% renewable) [6]. Ethanol and ethyl-tert-butyl-ether (ETBE) have become components of increasing importance in the formulation of automotive gasoline, mainly because they are superior octane boosters and exhibit better exhaust-reducing emissions capabilities compared to hydrocarbon-only based gasoline and gasoline containing MTBE [7,8,9,10,11,12].



Specifically, EN 228:2012 [4] increased the permissible oxygen content to 3.7% m/m, allowing for the addition of up to 10% v/v ethanol in gasoline and additions of up to 22% v/v ethers with a minimum five atoms of carbon (such as ΕΤΒΕ). The previous European Standard EN 228:2008 [13] determined a lower oxygen limit in oxygenated gasoline, with the maximum oxygen limit being additions of up to 2.7% m/m for fuels with a maximum ethanol content of 5% v/v and for 15% v/v ethers with a minimum five atoms of carbon (such as ΕΤΒΕ).



Ethanol (ΕtOH) is added to gasoline in order to improve its octane number (Research Octane Number—RON,) and at the same time, it is able to assist in reducing exhaust emissions such as carbon monoxide, photochemical pollution (NOx and HC emissions), and toxic pollutants such as benzene, toluene, and xylenes. At the same time, toxic compounds such as formaldehyde and acetaldehyde can be increased. [14,15]. However, ethanol affects the volatility of gasoline by greatly altering both the distillation characteristics (E70, E100) and the vapor pressure and often leads them to be outside of the specification limits.



As a pure component, ethanol boils at 78.4 °C, a temperature that is significantly higher than the initial boiling point (IBP) of gasoline (~30 °C) but that is also lower than the mid-range of the gasoline distillation curve (~100 °C). Additionally, the vapor pressure of pure ethanol (about 16 kPa) is much lower than that of gasoline [16].



At the same time, ethanol forms azeotropes with the hydrocarbons of the gasoline. This phenomenon results in an essentially flat distillation curve in the ISO 3405 (or ASTM D86) standard measurement, which is maintained until the azeotropes and hydrocarbons of the ethanol have been eliminated from the liquid. When the ethanol has completely distilled from the liquid, the distillation curve returns to that of typical (hydrocarbon-only) gasoline [16].



Apart from the changes in the distillation profile, the vapor pressure of gasoline increases due to the formation of the azeotropes [17,18].



The addition of ETBE into gasoline reduces the evaporative emissions of the fuel. ETBE can be prepared by reacting bio-ethanol with isobutylene (bio-ETBE) [19]. ETBE has a blending vapor pressure of 28 kPa, and when added to gasoline, it reduces its vapor pressure. Moreover, due to its boiling point (73.0 °C), ETBE affects the mid-range temperatures of gasoline’s distillation curve [20].



Moreover, adding a mixture of ethanol–ETBE to gasoline offers advantages over adding ethanol (lower volatility) or ETBE (higher octane number and lower production costs) alone. In this case, the vapor pressure is lower than the vapor pressure of gasoline with ethanol, and therefore, the volatile organic compound emissions are lower [14,15].



The addition of ethanol can have impact on engine performance and emissions. Ethanol can alter the lubricity of the gasoline, and it can therefore have an impact on the engine components. Ethanol improves lubricity when added to gasoline; therefore, it helps to reduce the possible failures of the fuel delivery system [21,22]. According to the European Association of Engine Manufactures (ACEA), the majority of gasoline-powered vehicles can operate with E10 blends without experiencing any problems [23]. Regarding the combustion parameters, the addition of ethanol (and other oxygenates) leads to the so-called “leaning effect”, an effect that decreases CO and HC emissions [24,25].



Many researchers have studied the effect of adding oxygen components such as ethanol or ETBE on both gasoline volatility and engine performance, but to the authors’ knowledge, the common presence of both oxygenates at the maximum oxygen content of 3.7% m/m has not been presented.



This work presents the effects of adding mixtures of ETBE and ethanol to gasoline blends of different hydrocarbon compositions on the volatility of the gasoline blends, which is measured by the vapor pressure, the distillation characteristics, and the vapor lock index (VLI). In each case, a mixture comprising a different ethanol and ETBE content was used, with the 3.7% m/m upper limit for oxygen content always being considered in the final blends.




2. Materials and Methods


2.1. Materials


2.1.1. Base Fuels


In order to study the behavior of gasoline composition/bio-ethanol/bio-ETBE blends, five base fuels were prepared using five refinery gasoline components produced from different refinery processes, originating from Motor Oil Hellas refinery. The refinery fractions used in the different proportions were reformate, fluid catalytic cracking (FCC) gasoline, alkylate, isomerate, and dimate. The properties of the refinery fractions are shown in Table 1.



The distillation profiles of the refinery fractions are shown in Figure 1. It is clear that the volatilities of these refinery fractions differ from each other based on the process that was used for their production as well as on their composition. These refinery fractions were mixed in different proportions in order to prepare the base fuels, which were called I, II, III, IV, and V.



The percentage (v/v) of each refinery fraction in each base gasoline blend is given in Table 2.



The blending percentages were chosen in order to prepare samples with different compositions but that also had a vapor pressure close to 60 kPa, the upper limit for class A gasoline. At the same time, the octane numbers that were calculated using the blending index calculations were close to 95 and 85 for RON and MON, respectively, in all cases [26].



From the data in Table 1 and Table 2, it appears that the isomerate fraction has a very high vapor pressure (exceeds the maximum of 80.0 kPa according to EN 228 standard), which can set the mixture out of the specification limit. At the same time, this fraction is present at a high percentage in all blends (>25% v/v). The properties and composition of the base fuels are shown in Table 3.



From the data in Table 3, it appears that the properties of all of the blends meet the specification limits of the EN 228 standard. Only the vapor pressure of blend V is above the maximum limit set by the EN 228 standard for gasoline to be used in the summer in Greece (class A).




2.1.2. Oxygenates


The bio-ethanol used in the preparation of the ternary samples has a purity grade of 99.9% (fuel grade) and meets the EN 15376 standard requirements [27]. It was provided by Tarımsal Kimya Teknolojileri A.Ş. (TARKİM), Turkey.



The bio-ETBE was provided by Ecofuel SpA, Italy, and had a purity of 95%





2.2. Samples and Methods


The addition of the oxygenates was conducted based on the oxygen percentages (% m/m), with the maximum limit of 3.7% m/m determined according the EN 228 being used as a reference.



Five samples were prepared from each of the base fuels: I, II, III, IV, and V, which received the addition of 10% v/v bio-ethanol, and other five samples received an addition of 20.8% v/v bio-ETBE.



The next step was the preparation of the ternary blends of the base fuel/bio-ethanol/bio-ETBE in various concentrations for bio-ethanol and for bio-ETBE. The blending strategy was to increase the share of the final amount of oxygen in the blend by 25%, 50%, and 75% from bio-ethanol, with the rest of the oxygen (up to 100%) coming from bio-ETBE. Fifteen samples were prepared from each base fuel, with additions of bio-ethanol ranging from 2.3% to 7.3% and additions of bio-ETBE ranging from 16% to 5.7%. The percentages of the base fuels and the bio-components used in the blends are shown in Table 4.



Finally, a total of 30 samples were prepared and examined according to the methods outlined in EN 13016-1 and EN ISO 3405 in order to test their volatility characteristics [28,29]. These measurements were also used for the calculation of the vapor lock index (VLI) for all of the samples.



2.2.1. Vapor Pressure Measurements


The vapor pressure of the gasoline samples was measured on the Grabner VPXpert apparatus using the EN ISO 13016-1 method. Four measurements were run on each sample. The repeatability of the apparatus is ±0.3 kPa, and the reproducibility is ±0.7 kPa.




2.2.2. Distillation Measurements


All of the samples were analyzed for their distillation characteristics using the method outline in EN ISO 3405. In order to check the precision of the measurements, each sample was measured in an automated distillation unit (Anton Paar, model ADU 5). Four distillation tests were performed for each sample. According to standard EN 228, E70, E100, E150, FBP, and the distillation residue were recorded. The reported sensor uncertainty of the apparatus is ±0.35 at 100 °C and ±0.55 at 200 °C.




2.2.3. Calculation of VLI


After the end of the vapor pressure and the distillation measurements, the VLI, which is also one of the volatility parameters of gasoline, was calculated using the formula VLI = 10·VP + 7·E70, which is mentioned in the standard EN 228 [4].






3. Results and Discussion


3.1. Vapor Pressure Measurements


The specification according to European standard EN 228 sets limits on vapor pressure (DVPE, equivalent to Reid method). In addition, it employs six volatility classes, which are adopted by each member state for winter, summer, and transition periods. Vapor pressure was measured in all of the samples employed in this study.



The vapor pressure results of the base fuels and their blends with only bio-ethanol or bio-ETBE are shown in Figure 2.



Table 5 presents the expanded uncertainties for the vapor pressure of the base fuels. The expanded uncertainty was estimated following the ISO GUM principles and the ISO 4259 standard [30,31]. The uncertainties are depicted as error bars in Figure 2.



The low uncertainty of the measurements (from 0.18 to 0.41) allows us to observe differences in the vapor pressure values when the blend composition changes.



The addition of bio-ethanol to the base gasoline samples resulted in an increase in their vapor pressure. In all of the base fuels, to which only bio-ethanol has been added to the maximum permissible content of 10% v/v, the vapor pressure is higher than the specification limit for “summer grade” gasoline. On the other hand, the addition of bio-ETBE alone up to the max oxygen content of 3.7% m/m reduces the vapor pressure compared to the vapor pressure of the base fuels. All of the samples with the addition of bio-ETBE alone demonstrate vapor pressure within the specification limits. The results are in accordance with the results from other publications [6,7,32,33,34,35].



The increase in the vapor pressure that occurs when bio-ethanol is added can be explained by the formation of minimum-boiling-point azeotropic mixtures between ethanol and lighter fractions of gasoline [6]. This positive deviation from the ideal mixture behavior (Raoult’s Law) occurs because there are less intermolecular interactions between ethanol and hydrocarbon molecules than there are in individual pure liquids, making it easier for molecules to evaporate in the resulting mixture [26,36].



The addition of bio-ETBE, which is of relatively low polarity, leads to a proportional decrease in the vapor pressure in gasoline because the behavior of the formulations of the hydrocarbons with bio-ETBE is very close to the ideal. Bio-ETBE is relatively inert, and thus, minimal bonds are formed between its molecules and the gasoline molecules [26].



The results depicting the effect of the simultaneous addition of bio-ethanol and ETBE on the vapor pressure of the gasoline samples are shown in Figure 3.



The vapor pressure values of these samples are between the vapor pressure values of the samples to which only bio-ethanol has been added and the vapor pressure of the samples to which only bio-ETBE has been added. The increasing trend is similar for all of the blends where the amount of bio-ethanol/bio-ETBE in the blend is the same, but significant differences in the vapor pressure change values were observed.



The blends of the base fuels with bio-ETBE and bio-ethanol show an increase in vapor pressure as the ethanol content is increased, and the ETBE content decreases while the total oxygen content remains almost constant. However, this increase is lower than that of the relative increase for the base fuel without ETBE.



Bio-ethanol has a greater effect on vapor pressure than bio-ETBE, even when present at a lower percentage (2.3% bio-EtOH) in the gasoline samples. The vapor pressure of the samples is not only affected by the components of the base fuel and their % v/v content but also by the interactions between oxygenates and the hydrocarbons in the gasoline [7,37].



The vapor pressure of the samples with a 2.3% bio-ethanol content, except for the blend of Sample V (with increased Isomerate content) and the vapor pressure of Sample I (with high Reformate content and FCC) with 4.7% v/v bio-ethanol, are within the specification limit for the vapor pressure summer-grade gasolines (Class A in EN 228). The vapor pressure of the rest of the samples, which have a bio-ethanol content of up to 10% v/v, are not acceptable during the summer period even though they contain bio-ETBE since they have a vapor pressure that is higher than 60 kPa.



Similar conclusions can be drawn by observing Figure 4. This figure shows the relationship between the vapor pressure and the bio-ETBE content in the samples and the corresponding amount of bio-ethanol needed to be at a level where the maximum oxygen content limit of 3.7% m/m is not exceeded.



In each sample, the vapor pressure decreases as the bio-ETBE content increases (and the bio-ethanol content decreases). The increasing amount of bio-ETBE prevents the formation of bonds between the hydrocarbon–ethanol molecules as the bonds are formed between the ETBE and the ethanol, thus reducing the vapor pressure of the samples [7].



However, if the permissible vapor pressure deviation for unleaded gasoline is taken into account according to EN 228 (as shown in Table 6) [4], then all of the gasoline samples are within the specifications determined by the standard.



In all of the cases where bio-ethanol/bio-ETBE have been added to the mixtures in different concentrations, Sample V shows the highest vapor pressure. This sample has an increased content of volatile iso-paraffins that mainly have five and six carbon atoms (due to the increased percentage of the sample produced from the isomerization process). Most of these iso-paraffins have six carbon atoms, resulting in a large number of electrons that are available for deformation. This results in the formation of stronger Van der Waals forces, thus increasing the activity of the molecule and the tendency for azeotropic formation with the ethanol molecules [38].



On the other hand, Sample I shows the lowest vapor pressure in all of the cases where bio-ethanol/bio-ETBE were added to the mixtures. Sample I, which is a mixture with a high percentage of reformate and FCC gasoline fractions and that has the lowest isomerate fraction percentage of, has a high content of aromatic hydrocarbons that mainly have seven and eight carbon atoms; these carbon atoms tend to have a high boiling point and a lower percentage of volatile iso-paraffins, which justifies it having the lowest vapor pressure values [39].




3.2. Distillation Measurements


EN ISO 3405 is the official method that is used to measure the distillation characteristics of petroleum products in the EU. The specification sets limits on distillation characteristics (percent evaporated at three temperatures 70 °C, 100 °C, and 150 °C, named E70, E100, and E150, respectively), final boiling point (FBP), distillation residue, and VLI through EN 228 standard. The standard also sets limits on other properties. The determination of the distillation characteristics at atmospheric pressure is the most common method that can be used to classify petroleum products into volatility classes. The boiling range of gasoline falls in the range 30–210 °C. Additionally, it should be mentioned that the boiling point of bio-ethanol and bio-ETBE are 78.4 °C and 73.0 °C, respectively. Blending all of the available refinery components can maintain a balance between the different volatility requirements [7,33].



There is a significant number of publications dealing with the impact of oxygenates on the front end and medium range of gasoline volatility [8,16,40]. Additionally, some publications have shown that with some oxygenates, the back-end volatility can be also affected [32,41]. The use of some less common oxygenates has been reported to increase the final boiling point of the distillation to 225 °C, setting the fuel out of the specification limits [9].



The distillation curves of the base fuels used for this set of experiments are shown in Figure 5.



The distillation characteristics of Samples I, II, III, IV, and V (the base fuels) are shown in Table 7. This table also includes the expanded uncertainties for the distillation characteristics of the automated distillation apparatus used for the measurements. The expanded uncertainty was estimated following ISO GUM principles and the ISO 4259 standard [31,32]. The low uncertainty of the distillation equipment allows us to observe differences in the distillation profiles when the blend composition changes.



All of the distillation characteristics for all of the base fuels comply with the required specification limits set by EN 228 and can be adopted for summer and winter grade gasoline in Greece (classes A and C/C1).



In Samples I, II, III, IV, and V, bio-ethanol was added in a concentration 10% v/v in order to examine the impact of the maximum addition of bio-ethanol on the distillation characteristics.



The addition of bio-ethanol in gasoline causes an increase in vapor pressure and depresses the boiling temperature. [6]



Figure 6 depicts the impact of the 10% v/v ethanol addition on the distillation characteristics for all of the base fuels.



As the bio-ethanol was added to the base fuels, the front-end volatility of the blend shifted to lower temperatures. The situation is similar for all of base fuels with a 10% v/v bio-ethanol content, as shown in Figure 6. This reduction in the front-end volatility values of the samples is caused by the formation of minimum temperature azeotropes between the ethanol and hydrocarbons of the fuel blends [12,16,26].



On the other hand, bio-ETBE and other ethers have no azeotropic effects on the distillation curve of gasoline. Therefore, ETBE is incorporated into gasoline in a smooth manner, similar to that of any other hydrocarbon that is able to boil in the same temperature range [20]. The addition of bio-ETBE in the base fuels were not so different that they set the distillation characteristics outside of specification limits. This effect is demonstrated in Figure 7, where the distillation curves of the base fuels and their blends with ETBE 20.8% v/v are depicted. Figure 7 shows that the front-end volatility has not been altered, whereas a slight shift to lower temperatures after the mid-range distillation is observed, similar to what has been shown in other publications [8,19].



The distillation characteristics E70 and E100 of Samples I, II, III, IV, and V, and bio-ethanol/ bio-ETBE blends are shown in Table 8 and Table 9. The values in Table 8 and Table 9 also include the expanded uncertainties for these parameters.



The E70 values are depicted in Figure 8 as a function of bio-ethanol content in the blend. As the expanded uncertainties shown in Table 7 have very small values, they are not presented in Figure 8, as they cannot be observed graphically.



The addition of the bio-ethanol and bio-ETBE affects the front end of the distillation curve due to the presence of bio-ethanol and also affects the middle area due to the presence of bio-ETBE. The five base fuels show that the distillation curve demonstrates similar behavior at the different concentrations of bio-ethanol and bio-ETBE.



At all of the oxygenate concentrations, Sample V shows a slightly higher E70 value than the other four base fuels. This is due to the composition of this base fuel. This base fuel has a high iso-paraffins content that mainly comprises five and six carbon atoms (high isomerate content), which have low boiling point temperatures.



Sample I has the lowest E70 value compared to the other base fuels. Sample I contains a higher reformate content, which mostly consists of aromatic compounds, which evaporate at higher temperatures compared to iso-paraffins and olefins of the same carbon number.



All of the E100 values are within the specification limits. According to EN 228, the E100 limits are 46–72% v/v. When the bio-ETBE content is high in Sample V, the E100 value is close to the upper limit according EN 228 (70.8 v/v). The E100 values are shown in Figure 9.



Similar to E70, the expanded uncertainties are not depicted in Figure 9 because their calculated values are too low.



It can be observed that the changes in E100 are very small for all of the blends with the oxygenates. It seems that the relatively different composition of the base fuels regarding olefin, aromatic, and iso-paraffin content does not significantly affect the change of the E100 value due to the addition of oxygenates to the base fuel.



As it can be seen from Table 8 and Figure 9, the value of E100 is more affected by the addition of bio-ETBE than the addition of bio-ethanol. This was also depicted from the distillation curves in Figure 6 and Figure 7.



The E150 values are shown in Table 10, and the final boiling point (FBP) temperatures are shown in Table 11. The expanded uncertainties are also shown in Table 10 and Table 11 as they were calculated for these two parameters. The expanded uncertainties have very small values, similar to the values for E70 and E100.



The E150 values are shown graphically in Figure 10. As it can be seen in Table 10 and in Figure 10, there is a very small statistically significant change regarding E150 when comparing the distillation characteristics of the base fuels and blends containing bio-ethanol and bio-ETBE.



Due to their very low values (shown in Table 10), the expanded uncertainties are not depicted in Figure 10.



The final boiling point (FBP) is depicted in Figure 11 as a function of the bio-ethanol content. As it can be seen in Table 10, there is no statistically significant change (reproducibility 6.78) regarding FBP when comparing the distillation characteristics of the base fuels and blends containing bio-ethanol and bio-ETBE.



The very small values of the expanded uncertainties, as they are shown in Table 11, support the observation of no statistically significant changes occurring in the FBP values due to the addition of the oxygenates.



All of the results from these measurements show that the distillation characteristics were consistent with the requirements set by the EN 228 Standard.




3.3. Vapor Lock Index (VLI)


After the measurements of the vapor pressure and the distillation characteristics in all of the samples were calculated according to the EN 13016-1 and EN ISO 3405 methods outlined in, VLI was calculated, and the results are shown in Table 12.



The VLI values are depicted in Figure 12. The VLI is lower than the upper limit of the EN 228 standard for the C1 class, which is 1064. It should be mentioned that there is no limit for class A that covers the summer-grade gasoline; this is also the case for class C (winter grade gasoline), as VLI is used to characterize the volatility in the transition period between the summer grade and the winter grade [4].



Τhe VLI has a maximum value when the bio-ethanol concentration is 10% and when bio-ETBE has not been added. As the bio-ETBE content increases, the VLI is reduced [37].





4. Conclusions


In this study, the effect of the addition of bio-ethanol/bio-ETBE in five base fuels was examined. The addition of bio-ethanol into gasoline affects its properties and mainly increases its the vapor pressure. In countries such as Greece, where temperatures can become quite high during the summer period, gasoline with a high vapor pressure becomes unsuitable for use in that specific time period. Therefore, the simultaneous addition of bio-ethanol and bio-ETBE reduces the vapor pressure, and the fuels become suitable for use in the summer period.



In each of the five base fuels that were used in this study, all of which were prepared by blending reformate, alkylate, isomerate, dimate, and FCC in different percentages, bio-ethanol and bio-ETBE were added in different percentages. All of the blends that were prepared contained an oxygen content that was in accordance with the maximum limit set by the EU specifications (3.7% m/m). In the ternary gasoline/bio-ethanol/bio-ETBE blends, the blending strategy was to have 25%, 50%, and 75% of the oxygen content in the final blend come from bio-ethanol and to have the rest come from oxygen (75%, 50%, and 25%, respectively, from bio-ETBE. The main results of this research can be summarized as follows:




	
In the base fuels to which only bio-ethanol had been added to the maximum allowable content (10% v/v), the vapor pressure was higher than the value of the specifications for “summer” gasoline.



	
The addition of bio-ethanol/bio-ETBE set all of the samples within the EN 228 specification limits.



	
The vapor pressure values of the samples with both bio-ethanol and bio-ETBE were between the vapor pressure of the samples to which only bio-ethanol or bio-ETBE had been added. The change in the vapor pressure was similar for all samples.



	
The five base fuels showed similar changes of their distillation characteristics for the same level of bio-ethanol and bio-ETBE in the blend.



	
As for the vapor pressure value and distillation characteristics (E70 and E100), Sample V (with increased C5 and C6 iso-paraffins) showed higher values than the other four base fuels at all oxygenate contents.



	
Sample I shows the lowest vapor pressure as well as the lowest E70 and E100 values in all of the cases where bio-ethanol/bio-ETBE was added in different concentrations. The high content of aromatic hydrocarbons, most of which had seven or eight carbon atoms, and the low percentage of volatile iso-paraffins justify the low volatility characteristics seen for Sample I.



	
As for the VLI, this was lower than the upper limit for gasoline class C1 according to the EN 228 standard. The VLI achieved its maximum value when the bio-ethanol concentration was 10% v/v and when the bio-ETBE had not been added. As the bio-ETBE content increases, the VLI is reduced.








In conclusion, the simultaneous addition of bio-ethanol and bio-ETBE in the percentages under consideration produces blends within the volatility specifications based on EN 228.
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Abbreviations




	DVPE
	dry vapor pressure equivalent



	E70
	evaporated at 70 °C



	E100
	evaporated at 100 °C



	E150
	evaporated at 150 °C



	EN
	European norm



	ETBE
	ethyl tert butyl ether



	EU
	European Union



	FBP
	final boiling point



	FCC
	fluid catalytic cracking



	GHG
	greenhouse gases



	IBP
	initial boiling point



	MON
	motor octane number



	RON
	research octane number



	VLI
	vapor lock index
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Figure 1. Distillation profiles of the refinery fractions used. 
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Figure 2. Vapor pressure of base gasoline blends/blends with bio-ethanol/blends with bio-ETBE. 
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Figure 3. Vapor pressure of blends with bio-ethanol and bio-ETBE in relation to the bio-ethanol content (oxygen content 3.7% m/m in all cases). 
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Figure 4. Vapor pressure of blends with bio-ethanol and bio-ETBE in relation to the bio-ETBE content (oxygen content 3.7% m/m in all cases). 
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Figure 5. Distillation curves of base fuels. 
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Figure 6. Distillation curves of base fuels and base fuels with 10% v/v bio-ethanol. 
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Figure 7. Distillation curves of base fuels and base fuels with 20.8% v/v bio-ETBE. 
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Figure 8. E70 values for all blends against bio-ethanol content. 
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Figure 9. E100 values for all blends against bio-ethanol content. 
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Figure 10. E150 values for all blends against bio-ethanol content. 
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Figure 11. Final boiling point (FBP) values for all blends against bio-ethanol content. 
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Figure 12. Vapor lock index (VLI) values for all of the blends against bio-ethanol content. 
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Table 1. Properties of the refinery fractions.
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	Properties
	Unit
	Reformate
	FCC Gasoline
	Alkylate
	Isomerate
	Dimate
	Test Method





	Density (at 15 °C)
	kg/m3
	788.7
	734.6
	704.0
	653.4
	689.9
	EN ISO 12185



	Vapor Pressure (at 37.8 °C)
	kPa
	36.5
	47.8
	42.6
	92.3
	60.7
	EN 13016-1



	n-Paraffins
	% v/v
	8.4
	3.7
	4.0
	8.3
	0.1
	EN ISO 22854



	iso-Paraffins
	% v/v
	18.2
	21.7
	95.8
	83.3
	4.2
	EN ISO 22854



	Naphthenes
	% v/v
	2.8
	6.6
	0.1
	8.3
	0.1
	EN ISO 22854



	Olefins
	% v/v
	0.0
	40.9
	0.2
	0.0
	95.3
	EN ISO 22854



	Aromatics
	% v/v
	70.7
	23.0
	0.0
	0.1
	0.2
	EN ISO 22854



	Benzene
	% v/v
	2.14
	0.69
	0.0
	0.0
	0.0
	EN ISO 22854



	RON
	-
	100.4
	92.5
	94.7
	86.4
	95.1
	EN ISO 5164



	MON
	-
	88.9
	80.7
	92.0
	83.5
	80.9
	EN ISO 5163



	IBP
	°C
	46.7
	37.5
	31.4
	56.7
	53.7
	EN ISO 3405



	E 70
	% v/v
	9.6
	27.7
	6.7
	84.6
	13.9
	EN ISO 3405



	E100
	% v/v
	23.1
	53.1
	9.7
	97.9
	81.6
	EN ISO 3405



	E150
	% v/v
	82.2
	73.2
	92.3
	-
	89.8
	EN ISO 3405



	FBP
	°C
	179.6
	209.8
	190.3
	100.1
	189.3
	EN ISO 3405
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Table 2. Percentage of refinery fractions in the base fuels.






Table 2. Percentage of refinery fractions in the base fuels.





	
Refinery Fractions

	
I

	
II

	
III

	
IV

	
V




	
% v/v






	
Reformate

	
35

	
40

	
40

	
30

	
25




	
Alkylate

	
5

	
5

	
0

	
10

	
10




	
FCC Gasoline

	
30

	
20

	
20

	
30

	
25




	
Isomerate

	
25

	
30

	
30

	
30

	
35




	
Dimate

	
5

	
5

	
10

	
0

	
5











[image: Table] 





Table 3. Properties and composition of base fuels.
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Properties

	
Unit

	
I

	
II

	
III

	
IV

	
V

	
Limits EN 228

(O: 3.7% m/m)

	
Test Method






	
Density

	
kg/m3

	
759.3

	
744.9

	
743.2

	
737.6

	
730.9

	
720.0–775.0

	
EN ISO 12185




	
Vapor Pressure (at 37.8 °C)

	
kPa

	
53.8

	
56.7

	
57.7

	
59.2

	
61.8

	
class A: 45.0–60.0

	
EN 13016-1




	
class C/C1: 50.0–80.0




	
n-Paraffins

	
% v/v

	
6.4

	
6.7

	
6.7

	
6.5

	
6.3

	
-

	
EN ISO 22854




	
Iso-paraffins

	
%v/v

	
40.2

	
41.7

	
43.4

	
47.7

	
50.0

	
-

	
EN ISO 22854




	
Naphthenes

	
% v/v

	
5.1

	
4.9

	
4.9

	
5.3

	
5.3

	
-

	
EN ISO 22854




	
Olefins

	
% v/v

	
17.1

	
13.0

	
17.7

	
12.3

	
15.0

	
18.0 max

	
EN ISO 22854




	
Aromatics

	
% v/v

	
31.7

	
32.9

	
32.9

	
28.1

	
23.5

	
35.0 max

	
EN ISO 22854




	
Benzene

	
% v/v

	
0.96

	
1.00

	
1.00

	
0.86

	
0.72

	
1.00 max

	
EN ISO 22854




	
IBP

	
°C

	
36.8

	
35.7

	
37.8

	
37.3

	
37.6

	
-

	
EN ISO 3405




	
E 70

	
% v/v

	
29.9

	
31.1

	
30.7

	
31.0

	
34.8

	
class A: 22.0–50.0

	
EN ISO 3405




	
class C/C1: 24.0–52.0




	
E100

	
% v/v

	
55.3

	
57.7

	
59.6

	
57.3

	
62.2

	
46.0–71.0

	
EN ISO 3405




	
E150

	
% v/v

	
83.5

	
85.5

	
85.1

	
85.0

	
86.1

	
75.0 min

	
EN ISO 3405




	
FBP

	
°C

	
194.7

	
191.5

	
193.4

	
195.3

	
197.8

	
210

	
EN ISO 3405
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Table 4. Composition of blends of base fuels with bio-components.
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	Base Fuel (%)
	90.0
	87.0
	84.3
	81.7
	79.2



	bio-ethanol (%)
	10.0
	7.3
	4.7
	2.3
	-



	bio-ETBE (%)
	-
	5.7
	11.0
	16.0
	20.8
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Table 5. Average values of vapor pressure for base fuels and expanded uncertainties.
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	I
	II
	III
	IV
	V





	Vapor pressure kPa

(EN ISO 13016-1)
	53.8
	56.7
	57.7
	59.9
	61.8



	Reproducibility, R
	2.89
	2.94
	2.96
	3.00
	3.03



	Expanded Uncertainty, U
	±0.37
	±0.41
	±0.18
	±0.37
	±0.26
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Table 6. Vapor pressure waiver permitted for gasoline.
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	Ethanol Content of Blends

(%v/v)
	Vapor Pressure Waiver Permitted

EN 13016-1 (kPa)





	0.0
	0.0



	2.3
	6.4



	4.7
	8.0



	7.3
	7.9



	10.0
	7.8
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Table 7. Distillation characteristics of base fuels.
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	Properties
	Units
	Sample I
	Sample II
	Sample III
	Sample IV
	Sample V





	E70
	% v/v
	29.9 ± 0.056
	31.1 ± 0.048
	30.7 ± 0.057
	31.0 ± 0.048
	34.8 ± 0.050



	E100
	% v/v
	55.3 ± 0.054
	57.7 ± 0.053
	59.6 ± 0.059
	57.3 ± 0.049
	62.2 ± 0.059



	E150
	% v/v
	83.5 ± 0.026
	85.5 ± 0.028
	85.1 ± 0.027
	85.0 ± 0.029
	86.1 ± 0.029



	FBP
	(°C)
	194.7 ± 0.028
	191.5 ± 0.030
	193.4 ± 0.029
	195.3 ± 0.034
	197.8 ± 0.038
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Table 8. E70 of base fuels and bio-EtOH/bio-ETBE blends.
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0% EtOH/

0% ETBE

	
2.3% EtOH/

16.0% ETBE

	
4.7% EtOH/

11.0%ETBE

	
7.3% EtOH/

5.7% ETBE

	
10% EtOH/

0% ETBE

	
0% EtOH/

20.8% ETBE






	
Units

	
% v/v




	
Sample I

	
29.9 ± 0.056

	
30.9 ± 0.065

	
35.0 ± 0.064

	
37.9 ± 0.055

	
38.5 ± 0.062

	
22.9 ± 0.061




	
Sample II

	
31.1 ± 0.048

	
31.1 ± 0.054

	
40.0 ± 0.058

	
41.1 ± 0.054

	
41.8 ± 0.054

	
23.9 ± 0.047




	
Sample III

	
30.7 ± 0.057

	
31.4 ± 0.062

	
39.7 ± 0.054

	
42.0 ± 0.055

	
43.3 ± 0.055

	
23.3 ± 0.058




	
Sample IV

	
31.0 ± 0.048

	
32.0 ± 0.046

	
40.5 ± 0.047

	
41.9 ± 0.048

	
42.3 ± 0.045

	
26.6 ± 0.046




	
Sample V

	
34.8 ± 0.050

	
35.4 ± 0.045

	
40.9 ± 0.045

	
43.7 ± 0.048

	
46.8 ±0.047

	
28.1 ± 0.046
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Table 9. E100 of base fuels and bio-EtOH/bio-ETBE blends.
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0% EtOH/

0% ETBE

	
2.3% EtOH/

16.0% ETBE

	
4.7% EtOH/

11.0%ETBE

	
7.3% EtOH/

5.7% ETBE

	
10% EtOH/

0% ETBE

	
0% EtOH/

20.8% ETBE






	
Units

	
% v/v




	
Sample I

	
55.3 ± 0.054

	
63.2 ± 0.050

	
60.1 ± 0.049

	
59.6 ± 0.049

	
59.3 ± 0.058

	
63.8 ± 0.055




	
Sample II

	
57.7 ± 0.053

	
65.0 ± 0.056

	
63.3 ± 0.049

	
63.3 ± 0.055

	
63.0 ± 0.056

	
66.3 ± 0.049




	
Sample III

	
59.6 ± 0.059

	
65.8 ± 0.054

	
65.1 ± 0.053

	
63.6 ± 0.051

	
63.2 ± 0.049

	
66.9 ± 0.055




	
Sample IV

	
57.3 ± 0.049

	
65.4 ± 0.054

	
64.0 ± 0.053

	
62.7 ± 0.051

	
61.5 ± 0.050

	
65.6 ± 0.054




	
Sample V

	
62.2 ± 0.059

	
70.7 ± 0.058

	
68.6 ± 0.056

	
67.7 ± 0.055

	
65.8 ±0.041

	
70.8 ± 0.056
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Table 10. E150 of base fuels and bio-EtOH/bio-ETBE blends.
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0% EtOH/

0% ETBE

	
2.3% EtOH/

16.0% ETBE

	
4.7% EtOH/

11.0%ETBE

	
7.3% EtOH/

5.7% ETBE

	
10% EtOH/

0% ETBE

	
0% EtOH/

20.8% ETBE






	
Units

	
% v/v




	
Sample I

	
83.5 ± 0.026

	
86.1 ± 0.024

	
85.3 ± 0.039

	
84.8 ± 0.027

	
84.5 ± 0.025

	
86.3 ± 0.035




	
Sample II

	
85.5 ± 0.028

	
89.0 ± 0.026

	
87.4 ±0.025

	
87.4 ± 0.026

	
85.5 ± 0.026

	
88.9 ± 0.029




	
Sample III

	
85.1 ± 0.027

	
87.3 ± 0.031

	
86.8 ± 0.032

	
86.3 ± 0.026

	
85.5 ± 0.024

	
87.9 ± 0.030




	
Sample IV

	
85.0 ± 0.029

	
89.6 ± 0.028

	
89.5 ± 0.028

	
87.7 ± 0.026

	
85.8 ± 0.026

	
89.4 ± 0.027




	
Sample V

	
86.1 ± 0.029

	
90.2 ± 0.028

	
89.7 ± 0.026

	
89.4 ± 0.027

	
89.2 ± 0.026

	
90.0 ±0.029
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Table 11. Final boiling point of base fuels and bio-EtOH/bio-ETBE blends.
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0% EtOH/

0% ETBE

	
2.3% EtOH/

16.0% ETBE

	
4.7% EtOH/

11.0%ETBE

	
7.3% EtOH/

5.7% ETBE

	
10% EtOH/

0% ETBE

	
0% EtOH/

20.8% ETBE






	
Units

	
% v/v




	
Sample I

	
194.7 ± 0.028

	
191.5 ± 0.029

	
193.0 ± 0.027

	
196.5 ± 0.035

	
202.7 ± 0.025

	
191.9 ± 0.035




	
Sample II

	
191.5 ± 0.030

	
185.4 ± 0.029

	
193.5 ± 0.031

	
194.3 ± 0.027

	
201.5 ± 0.028

	
186.4 ± 0.031




	
Sample III

	
193.4 ± 0.029

	
190.0 ± 0.025

	
193.6 ± 0.026

	
197.5 ± 0.025

	
202.1 ± 0.026

	
188.8 ± 0.027




	
Sample IV

	
195.3 ± 0.034

	
185.4 ± 0.035

	
187.0 ± 0.039

	
195.1 ± 0.037

	
201.7 ± 0.035

	
185.8 ± 0.039




	
Sample V

	
197.8 ± 0.038

	
185.2 ± 0.034

	
188.2 ± 0.035

	
195.0 ± 0.035

	
195.0 ± 0.037

	
186.1 ± 0.036
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Table 12. VLI of ternary blends base fuels/bio-EtOH/bio-ETBE.
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0% EtOH/

0% ETBE

	
2.3% EtOH/

16.0% ETBE

	
4.7% EtOH/

11.0%ETBE

	
7.3% EtOH/

5.7% ETBE

	
10% EtOH/

0% ETBE

	
0% EtOH/

20.8% ETBE






	
Units

	
-




	
Sample I

	
747.3

	
810.3

	
835

	
876.3

	
894.5

	
679.3




	
Sample II

	
784.7

	
791.3

	
880.0

	
920.7

	
923.6

	
700.3




	
Sample III

	
791.9

	
813.2

	
896.9

	
930.0

	
942.1

	
692.1




	
Sample IV

	
816.0

	
829.0

	
906.5

	
931.3

	
948.1

	
740.2




	
Sample V

	
861.6

	
882.8

	
946.3

	
980.9

	
1005.6

	
767.7

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Temperature (°C)

— Sample | — Sample ll ‘Sample IV, 20.8% viv ETBE
Sample 1,20.8% W ETBE === Sample I 20 8% vy ETBE — Sample V.

— samplelt — samplelv ==~ Sample V, 20.8% v ETBE

Sample I, 20 8% v ETBE

20 T i i T

200 £ =

180

% sadusibndioivdiou
o 10 20 3 4 0 6 70 8 0 10
Recovery (% v/v)






media/file4.png
70

0))
(&)

0))
o

Vapor Pressure (kPa)

45

40

B Base Fuel [ Fuel with 10% viv EtOH [l Fuel with 20.8% viv ETBE
| | | | |

Sample | Sample | Sample I Sample IV Sample V
Fuel





media/file18.png
80

~J
o

0))
o

Evaporated at 100 °C (% v/v)

W
o

20

] Sampel

B Ssamplell [ Samplell [ ] Samplelv [l SampleV

0.0

2.3

4.7 7.3
Ethanol (% v/v)

10.0






media/file21.jpg
I sampe! [l sample!l [ Sampleil [l Sample v [l SampleV

210 . - -

200

i | “‘
150
0.0 23 47

Ethanol (% v/)

e

B

al Boiling Point (°C)

3

7.3 10.0





media/file3.jpg
70

&

3

Vapor Pressure (kPa)

&

40

Il Base Fuel Fuel with 10% viv EtOH [l Fuel with 20.8% viv ETBE
T T T T

il

Sample | Samplell  Samplelll  SamplelV  Sample V
Fuel






media/file22.png
210

200

RN
O
o

170

Final Boiling Point (°C)

160

150

] Sampel [ Samplell [ Samplelll [ ] Samplelv [ SampleV

0.0 2.3 4.7 7.3 10.0
Ethanol (% v/V)





media/file19.jpg
Evaporated at 150 °C (% v/v)

100

80

70

60

50

B sampe !

Il sampie ! [l Sample Il

Il sampieiv [l SampleV

0.0

23 47
Ethanol (% vA)

73 10.0





media/file7.jpg
I sampe! M sampie!l W Sampienl [l sampieiv [l SampleV

9, T T T T T

&

8

Vapor Pressure (kPa)

&

40

0.0 5.7 1.0 16.0 208
ETBE (% W)





media/file10.png
Temperature (°C)

—— Sample| — Samplell — Sample lll — Sample IV —— Sample V

220

rTrrrrriy

200

180

N
o
o

RN
AN
o

RN
o
o

80

60

—

N

o
IIIIIIIII|IIIIIIIII||||I|IIII|IIIII|I|I||I|I|I|I|||I|IIIIII|IIIIIIIII|IIIIIIIII|

40

I

20 EIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII
0 10 20 30 40 50 60 70 80 90 100

Recovery (% v/v)





media/file14.png
200

180

N
o
o

RN
AN
o

Temperature (°C)

80

60

Sample | — Sample lll ——= Sample IV, 20.8% v/v ETBE
Sample |, 20.8% v/ivETBE === Sample lll, 20.8% v/iv ETBE —— Sample V

Sample |l — Sample IV -== Sample V, 20.8% v/v ETBE
Sample Il, 20.8% v/v ETBE

[TTTTTTTTI

40 §

20

LIL1L1Llrm

RN

10 20 30 40 50 60 70 80 90 100

Recovery (% v/V)





media/file11.jpg
Temperature (°C)

— Sample! — Sample Sample IV, 10% viv EtOH
- Sample], 10% VVEIOH ==~ Sample I, 10% vv EXOH — Sample V'
— samplell — samplev. Sample V. 10% viv EOH
—- Sample Il 10% viv E1OH

220 roemr T [y e s

200

180

m T T P P P TN
o 10 220 3 4 5 6 7 8 90 10
Recovery (% v/v)






media/file6.png
70

0))
(&)

0))
o

Vapor Pressure (kPa)

45

40

] Sampel [ Samplell [ Samplelll [ ] Samplelv [ SampleV

0.0 2.3 4.7 7.3 10.0
Ethanol (% v/v)






media/file15.jpg
50

N " s
8 8 &

Evaporated at 70 °C (% v/v)

I sampe |

sample !t [l Sample il [l Sample IV

Sample V.

]

73
Ethanol (% v/A)

10.0





nav.xhtml


  fuels-02-00029


  
    		
      fuels-02-00029
    


  




  





media/file16.png
50

N W S
o o o

Evaporated at 70 °C (% v/v)

RN
o

] Sampel

B Samplell [ Samplell [ ] Sample v [l Sample V

0.0

2.3 4.7 7.3 10.0
Ethanol (% v/v)





media/file2.png
Temperature (°C)

— Reformate — FCC Gasoline — Isomerate — Alkylate — Dimate

220

TTTTTTT71 Y
I

200

180

N
o
o

RN
AN
o

RN
N
o

RN
o
o

80

60

40

\
IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII

IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_
10 20 30 40 50 60 70 80 90 100

Recovery (% v/v)

[TTTTT

20

o





media/file20.png
Evaporated at 150 °C (% v/v)

100

] Sampe!

B Samplell [ Samplell [ Samplelv [l Sample V

0.0

2.3 4.7 7.3 10.0
Ethanol (% v/V)





media/file23.jpg
Vapor Lock Index

1100

1000

900

801

70

601

50

0 sampe! WM sampie!l WM Sampiem [l Sampiev [l SampleV.

T T T

10.0

Ethanol (% v/v)






media/file5.jpg
I sampe! WM samplel W Samplem [l samplelv [l SampleV
7 T T T T T

&

]

Vapor Pressure (kPa)

40

00 23 a7 73 10.0
Ethanol (% v/)





media/file24.png
Vapor Lock Index

1100

1000

900

800

600

500

] Sampel [ Samplell [ Samplelll [ Samplelv [ SampleV

0.0 2.3 4.7 7.3 10.0
Ethanol (% v/Vv)






media/file1.jpg
Temperature (°C)

220

200

180

160

&

8

g

40

20

— Reformate — FCC Gasoline — Isomerate — Alkylate — Dimate

iy

iy

T T

L L

T

L

T

L

T

30 40
Recovel

50
ry (%

60
7%)

70

80

%0

100





media/file12.png
Temperature (°C)

— Sample | — Sample lll === Sample IV, 10% v/v EtOH
=== Sample |, 10% v/v EtOH === Sample lll, 10% v/v EtOH —— Sample V

—— Sample i —— Sample IV === Sample V, 10% v/v EtOH
-=- Sample ll, 10% v/v EtOH

N

N

o
[

200

LIttt it rrtillm

180

N
o
o

RN
AN
o

RN
o
o

80

60

L
N

—
N
o

&4 IIIII|I|I|I||I||||IIIIIII|IIIII|I|I|IIIIIIIII|IIIIIIIII|I|I||||||||||||||||||||||||

40 W

mINEEEEEN

20 IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII
0 10 20 30 40 50 60 70 80 90 100

Recovery (% v/v)





media/file9.jpg
— Sample| — Samplel — Samplell — Sample IV — Sample V'
220 T T T T T T T T T

200

180

]

B
&

Temperature (°C)
g B

80

60

40

2 L L L L L L s L L
40 50 60 70 80 90 100
Recovery (% v/v)






media/file0.png





media/file8.png
70

0))
(&)

0))
o

Vapor Pressure (kPa)

45

40

] Sampel [ Samplell [ Samplelll [ ] Samplelv [l Sample V

0.0 5.7 11.0
ETBE (% v/v)

16.0

20.8






media/file17.jpg
80

3

2

Evaporated at 100 °C (% v/v)

8

20

N sampe! EM sample!l WM Sampleil [l Samplerv [l SampleV

T T T T

0.0 23 47 73

Ethanol (% v/A)

10.0





