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Abstract

:

The production of CO2-neutral fuels is a key technology to achieve the European Union’s targets of greenhouse gas reduction in the transport sector. For a straightforward application such as drop-in fuel, regenerative gasoline must meet emission requirements without causing significant changes in engine parameters. The objective of this work was to demonstrate the emission reduction potential of fuel from the bioliq® plant by reducing the content of heavy aromatics in the product refinement. For three blends with varying contents of bioliq® fuel, the spray behavior was studied in a pressurized chamber and the particulate and hydrocarbon emissions were investigated using a single-cylinder research engine. With increasing bioliq® fuel content, atomization was degraded by lower flash boiling at low pressure. This effect vanished at higher chamber pressures. Measurements of particulate and hydrocarbon emissions showed significant improvements of 50% to 100% and 10%, respectively, compared to previously investigated bioliq® fuel fractions from 2017. The formation of particulate emissions is virtually unaffected by the blending of bioliq® fuel, due to the absence of heavy aromatics in the refined bioliq® product. Hydrocarbon emissions increased by 20% with higher bioliq® fuel content and late injection timings due to inferior mixture formation as a result of slightly reduced atomization. However, near the optimum injection timing, the hydrocarbon emissions are independent of the bioliq® fuel admixture.
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1. Introduction


To achieve the legislative targets of greenhouse gas emission reduction in the transport sector, aligned with the SDGs and the UN’s Net Zero 2050 Target [1], the production and application of sustainable fuels from renewable feedstocks is crucial. Generally, many pathways for the production of carbon dioxide-neutral fuels are known, for example, via the biomass-to-liquids (BtL) process route [2]. According to the EU Renewable Energy Directive II (RED II), advanced biofuels of the second and third generation are characterized by production from nonfood cellulosic material [3]. The bioliq® process, which is operated in a pilot-scale plant at the Karlsruhe Institute of Technology (KIT), realizes the conversion of biomass to hydrocarbons in the boiling range of gasoline. Starting from biomass residues such as straw, synthesis gas (carbon monoxide and hydrogen) is produced via pyrolysis with subsequent gasification and dimethyl ether (DME) synthesis [4,5,6]. In the final step, the conversion of DME to gasoline (DtG) generates fuel in a sustainable manner.



The DtG conversion typically produces high proportions of aromatics [7]. Aromatics contribute to a high density and a high octane number of a fuel, which is advantageous to accomplish the requirements of the gasoline standard EN228 [8]. However, aromatics are known precursors of particle formation by agglomeration during combustion [9]. Thus, the content of highly methylated aromatics, especially molecules with ten or more carbon atoms, should be as low as possible, to avoid their tremendous impact on particle formation.



In [10], the performance of bioliq® fuel blended with commercial RON95 E5 gasoline in a ratio of 10   vol . - %   bioliq® fuel and 90   vol . - %   RON95 E5 in an internal combustion engine was investigated and published for the first time. It was shown that a higher amount of heavy aromatics leads to an increase in particulate and hydrocarbon emissions. However, combustion behavior was not significantly affected by the bioliq® 2017 fuel, which was obtained in a production campaign in 2017 and which is designated as bioliq®/100 2017 in the following. A beneficial effect was the higher research octane number (RON) of the bioliq® blend, which improved the knocking behavior at higher loads.



It is well known that the fuel composition [11,12] and atomization of the fuel spray have a significant effect on the combustion and exhaust gas emissions of internal combustion engines. In [13], the authors studied the spray characteristics of gasoline, bioethanol and a mixture of the two. They showed the strong influence of the kinematic viscosity and surface tension on the spray atomization. Similar investigations were made by [14]. They mixed gasoline with diesel fuel and observed a larger penetration depth of the spray due to the higher surface tension and density with increasing diesel content. Moreover, Refs. [15,16] showed the increase in particulate emissions due to higher aromatic contents of different fuels. In studies such as those mentioned above, the influence of blends of similar gasoline fuels with each other has not been observed, but oxygenated fuels have often been investigated. The advantage of the nonoxygenated bioliq® is that the blends are within the limits of the EN 228 standard, and can therefore be used as drop-in fuels.



The objective of this work is to demonstrate that modifications of the product refinement of the bioliq® raw gasoline can help to prevent the increase in particulate and hydrocarbon emissions. For this purpose, higher aromatics (>C9) were removed from the bioliq® fuel by distillation. Various blends with ratios of up to 30   vol . - %   bioliq® distillate in 70   vol . - %   commercial RON95 E5 gasoline were prepared, characterized and evaluated in terms of important boiling, combustion and emission properties.




2. Fuel Production and Properties


2.1. Further Development of the bioliq® Product Refinement


The design of the bioliq® plant and the concept of the process were described before [10] and have not changed since. The raw gasoline feedstock used in this work was produced in the bioliq® campaign in May 2019 and is designated as bioliq®/100 2019 in the following. Consistent with our previous work, biobased gasoline from the bioliq® plant was taken from the middle of a rectification column. The composition of the bioliq®/100 2019 gasoline was determined via gas chromatography according to the ASTM D6730-01 (2016) standard. The product spectrum of oxygenates and hydrocarbons with a mass content above 1   wt . - %   is shown in Figure 1. The comparison with the data of the bioliq®/100 2017 raw gasoline reveals an almost identical composition of the bioliq®/100 2019 raw gasoline. To remove the high-boiling components, the bioliq®/100 2019 raw gasoline was distilled in a laboratory-scale setup. Our previous work has shown that heavy aromatics are one of the main causes of emission formation during fuel combustion [10]. Thus, the conditions of product refinement were adjusted. While the bioliq®/100 2017 raw gasoline was distilled up to a temperature of 210     ∘  C  , the boiling cut of the bioliq®/100 2019 distillate was drawn at 160     ∘  C  . Thereby, the C10 aromatics are completely removed and the C9 aromatics are significantly reduced in the head product (Figure 1).




2.2. Comparison of Fuel Characteristics


The bioliq®/100 2019 distillate is completely miscible with conventional RON95 E5 gasoline, up to a proportion of 30   vol . - %  . Mixtures of 10   vol . - %   bioliq®/100 2019 distillate and 90   vol . - %   RON95 E5; 20   vol . - %   bioliq®/100 2019 distillate and 80   vol . - %   RON95 E5; and 30   vol . - %   bioliq®/100 2019 distillate and 70   vol . - %   RON95 E5 were prepared in order to investigate their behavior regarding emission formation during combustion. In the following, the mixtures are designated as bioliq®/10 2019, bioliq®/20 2019 and bioliq®/30 2019, respectively. Relevant fuel properties of the samples bioliq®/10 2019, bioliq®/30 2019 and the unblended RON95 E5 base fuel are shown in Table 1. The data of the bioliq®/10 2019 enable direct comparison with the bioliq®/10 2017 mixture from our previous work [10], which is also listed in Table 1, together with its corresponding unblended RON95 E5 base fuel. Thus, the impact of the adjusted bioliq® product refinement can be evaluated. The bioliq®/30 2019 fuel represents the case of maximum blending content. Additionally, the requirements of the listed properties according to the EN228 standard for gasoline fuels are specified in Table 1.



As shown in Figure 1, both blends, bioliq®/100 2017 and bioliq®/100 2019, contain aromatics as major hydrocarbon fractions. Consequently, the sum of aromatics increases for all blends compared to the corresponding base fuels. With 10   vol . - %   blending content, both fuels are in good accordance with the EN228 standard. In contrast, the bioliq®/30 2019 gasoline exceeds the maximum amount of aromatics with   50.4     wt . - %  . Due to the higher content of aromatics, a slight increase in the octane number can be observed for all blends compared to the corresponding base fuels. This way, the requirements of the EN228 standard are exceeded. Furthermore, the density increases with the addition of the bioliq® distillate, but the values remain within the limits of the EN228 standard. For all fuels considered in Table 1, the end of the boiling curve is below the EN228 limit of 210     ∘  C  , with a distillation residue clearly below   2.0     vol . - %  . A remarkable difference is apparent for the vapor pressures of the blends. While bioliq®/10 2017 revealed a drastic increase in the vapor pressure compared to the base fuel, from   63.8    k  Pa  to   74.1    k  Pa , the blends with bioliq®/100 2019 distillate each showed a slight decrease from   56.4    k  Pa  to   53.3    k  Pa  and   49.2    k  Pa , respectively. Thus, the vapor pressure of bioliq®/10 2019 is reduced by about one third compared to bioliq®/10 2017, which may affect the atomization and boiling behavior of the fuels. In both bioliq® campaigns, 2017 and 2019, methanol and other oxygenates were completely removed from the raw gasoline by distillation. Consequently, the addition of the bioliq® distillate reduces the sum of oxygen in each blend. Thus, the values of the blends are within the specifications of the EN228 standard. Figure 2 depicts the distillation curves of the fuels presented in Table 1. Both blends with 10   vol . - %   bioliq® gasoline are within the limits of the EN228 standard. However, up to 100     ∘  C  , a significantly lower amount of bioliq®/10 2019 fuel (green circles) is evaporated compared to bioliq®/10 2017 (black circles). This effect results from the lower vapor pressure of bioliq®/10 2019. On the other hand, the distillation curve of bioliq®/30 2019 (red triangles) exceeds the maximum limit of the EN228 standard in the range of low temperatures. Generally, the bioliq®/10 2019 and bioliq®/30 2019 blends reveal a higher fraction of components boiling in the temperature range up to 150     ∘  C   compared to the other samples, which exhibit an almost congruent progression of the measured curves.





3. Measurement Setup


3.1. Engine and Emission Measurement Setup


A single-cylinder gasoline research engine was used for the experiments; the specifications of that engine can be obtained from Table 2. The engine was operated under naturally aspirated conditions with direct injection (DI) in homogenous operation mode at an air–fuel ratio (AFR) of 14.7. A six-hole BOSCH HDEV5 injector was used. All tests were performed at an engine speed of 2000    min  − 1     and an indicated mean effective pressure (IMEP) of   0.5    M  Pa  and   0.8    M  Pa , respectively. The coolant and oil temperature were 90     ∘  C   and the air temperature in the intake manifold was 30     ∘  C  .



To measure hydrocarbon emissions (HC), a flame ionization detector (FID) of an AVL AMA4000 that was calibrated with propane (C3H8) was used. The measurement uncertainty of the analyzer   u  H C    is given in its manual, and consists of the four components of drift, linearity error, noise and reproducibility, which are summated. The following Equation (1) shows the measurement uncertainty, and in parentheses, the components in the previously mentioned order.


      u  H C   =      ( 0.5 % × m  v  H C   + 2 ×   d l  h  )  +  ( 1 % × m  v  H C   + d l )  +         ( 1 % × m  v  H C   + 2 × d l )  +  ( 0.5 × m  v  H C   + 2 × d l )      



(1)







In the equation   m  v  H C     is the measured hydrocarbon concentration in parts per million, h is the operation time of the analyzer after the latest calibration in hours and   d l   is the detection limit, which is 8 ppb.



The particulate concentration and size distribution were measured with a Model 3090 Engine Exhaust Particle Sizer (EEPS) from TSI. This device can measure particulates from   5.6    n  m  up to 560  n  m  in 32 size classes, with 16 size classes per decade. The measurement principle is based on charging particulates and accelerating them towards electrometers, where the particulates discharge and a current is measured [17]. Therefore, a so-called inversion matrix has to be used to convert the current into a particulate density. In these experiments, the “soot” inversion matrix is used, which is presented in [18]. The sample of the exhaust gas was diluted in two dilution stages. First, a rotation disk diluter MDE19-E from Matter Engineering with a dilution of 16.5 and a temperature of 120     ∘  C   was used to dilute the sampled exhaust gas. In a second dilution, the evaporation chamber, the aerosol is heated up to 300     ∘  C   and then diluted by a factor of 6.3. The total dilution is 104, the product of both dilution stages, and was considered in the results. A detailed description of the setup is given in [10].




3.2. Pressure Chamber


For analyzing the spray of the 2019 bioliq® fuel blends, an experimental setup in a pressure chamber, which is shown in Figure 3, and the Mie-scattering method were used. The pressure chamber was operated with nitrogen at a pressure of   0.1    M  Pa  and   0.25    M  Pa , respectively. The ambient temperature in the pressure chamber was 40     ∘  C  , which is approximately the gas temperature at the time of the injection in the engine. To provide the fuel pressure of 20  M  Pa , a piston accumulator was used, which was operated by a high-pressure nitrogen bottle. Due to the position of the injector in the cylinder head of the engine, it can be assumed that the injector has the same temperature as the cylinder head, and thus that the temperature of the coolant is 90     ∘  C  . As in the engine, an HDEV5 injector from Bosch with a symmetrical six-hole nozzle was used.



An LED was used as the light source, which illuminates from the underside of the injector. A high-speed (HS) camera was placed perpendicular to the LED. The image rate used was 8  k  Hz , and the resolution of the image was   0.17    m  m /pixel. For the analysis, the penetration length and the projected spray area were determined using a Matlab script described by [19], and the average of five measurements was used. In addition, the shape of the spray was observed based on the time series of each injection. Due to the measurement methodology, only fuel droplets—and no gaseous phase—could be measured.



A detailed explanation of the measurement setup and the calculation method used is given in [19].





4. Results and Discussion


This section begins with the analysis of the spray of three fuels (RON95 E5 base fuel, bioliq®/10 and bioliq®/30 fuel blends, all 2019). Unfortunately, no spray analysis of the 2017 fuels was performed. Afterwards, the particulate and hydrocarbon emissions are presented. Due to the change in the base fuel, the emissions are normalized to their reference base fuel (bioliq® 2017 fuel blends to RON95 E5 2017 and bioliq® 2019 fuel blends to RON95 E5 2019).



4.1. Spray Analysis


The processes in an internal combustion engine strongly depend on the mixture formation, and thus on the fuel injection parameters. For example, the spray shape, the penetration length and the spray area have a significant influence on the spray targeting and the homogenization of the air and the fuel in the combustion chamber, which has a major impact on the emissions. The authors of [19,20,21] pointed out a significant influence of fuel characteristics on the mentioned spray parameters. Due to different boiling and vapor temperatures, effects such as flash boiling and spray collapse have to be considered. In [22,23] the authors used the ambient-to-saturation pressure ratio pa/ps as a value to quantify the degree of flash boiling. In these publications, a pa/ps value larger than one indicates no flash boiling. A ratio between 1.0 and 0.3 defines the flash boiling transition zone, and a ratio smaller than this indicates the spray collapse.



Figure 4 shows the spray development of the RON95 E5, bioliq®/10 2019 and bioliq®/30 2019 at eight different time steps at an ambient pressure of   0.1    M  Pa , an injection pressure of 20  M  Pa  and a fuel temperature of 90     ∘  C  . The injection duration was   1.1    m  s , so the injector was closed at the third picture (  1.125    m  s ). A comparison between the RON95 E5 2019 and the bioliq®/30 2019 fuel in Figure 4 shows that by using the bioliq®/30 2019 fuel, the spray coils are clearly separated from each other, while with RON95 E5, the spray coils are merged together. On the one hand, this can be explained by a decrease in flash boiling with increasing bioliq® fuel content, resulting in a deterioration of the atomization behavior, and thus the mixture formation in the combustion engine. The bioliq®/10 2019 fuel behaves similarly to the RON95 E5, and also shows flash boiling. The shapes of the sprays and the amount of flash boiling correlate with the vapor pressures of the fuels (see Table 1), and thus with the ambient-to-saturation pressure ratio. In addition, at a fuel temperature of 90     ∘  C  , the bioliq®/30 2019 fuel shows a significantly lower vaporized volume than the other fuels, as shown by the distillation curve in Figure 2. A similar behavior between the vapor pressure and the boiling temperature of fuels is observed by [24]. On the other hand, different surface tensions of the fuels have an influence on the atomization of the fuels. A higher surface tension leads to larger droplets, which means that the momentum of these droplets is higher, resulting in less expansion of the spray perpendicular to the direction of propagation. Unfortunately, no informations on the surface density of the fuels is known to quantify this effect. Considering furthermore the densities of the fuel blends, an increase in bioliq® fuel content should also have an effect on the droplet size and shape due to its higher density and its linear increase in Weber number. This would lead to an improvement in the evaporation of the spray with increasing bioliq® fuel content, which is not observed. Thus, the influence of density seems to be of minor importance in the considered application.



The increased pressure leads to increased atomization due to the higher air resistance, but also less flash boiling of all fuels due to the higher ambient-to-saturation pressure ratio, which is shown in Figure 5. In particular, the RON95 E5 and bioliq®/10 2019 fuels have clearly separated spray coils under these conditions. In comparison, the spray shape of the bioliq®/30 2019 fuel does not change significantly. The spray coils of this fuel are still clearly separated from each other. Only from a time point of   1.625    m  s  is a slightly lower atomization of the spray observed, compared to a chamber pressure of   0.1    M  Pa . Therefore, the lower vapor pressure and the less evaporated fraction at a fuel temperature of 90     ∘  C   with increasing bioliq® fuel content also have a lower influence on the mixture formation at higher engine loads.



Alongside the shape of the spray, the penetration length of the spray is also relevant, as it increases component impingement. Figure 6 shows the penetration length development of the spray in dependence of the time at a chamber pressure of (a)   0.1    M  Pa  and (b)   0.25    M  Pa  for RON95 E5, bioliq®/10 2019 and bioliq®/30 2019. At a chamber pressure of   0.1    M  Pa , a higher content of bioliq® results in a higher penetration length. In this study, the difference is approximately 7  m  m , which corresponds to an increase of nearly 10%. With increasing pressure, this tendency decreases, and the bioliq® fuel content has only a minor influence, considering the standard deviation. This is partly due to the higher air resistance, which reduces the overall penetration length, and partly due to less flash boiling, which would lead to improved atomization. The results agree well with those of [25], which showed the difference between kerosene and gasoline under comparable conditions. They found that kerosene has a narrower spray angle due to its higher density and viscosity, resulting in a longer spray penetration length.



The projected spray area is another value for evaluating the spray properties of different fuels. Figure 7 shows the projected spray area at a chamber pressure of (a)   0.1    M  Pa  and (b)   0.25    M  Pa  for the three fuels mentioned. The initial curve shape always shows an approximately linear increase in the projected spray area until a maximum is reached. Afterwards, the evaporation of the spray results in a decrease in the area, as the gaseous phase of the fuels is not visible with the described method.



At a lower chamber pressure, an increase in the bioliq® fuel content results in a larger projected spray area. One explanation for this is the lower amount of flash boiling, leading to less evaporation of the fuel, in combination with a higher penetration length. Separated spray coils imply less overlap of these spray coils, and thus a higher projected area. This effect is mitigated by higher chamber pressures, resulting in less flash boiling due to the increased ambient-to-saturation pressure ratio. At a chamber pressure of   0.25    M  Pa , the spray coils of all fuels are clearly separated, but the higher amount of flash boiling using the RON95 E5 fuel results in a spray expansion while still having separated spray coils. As a result, the projected spray area is the largest using RON95 E5. Adding bioliq® fuel to the RON95 E5 base fuel decreases the projected spray area due to less flash boiling and the spray expansion, as Figure 7b shows. This figure illustrates no significant difference of the projected spray area between bioliq®/10 2019 and bioliq®/30 2019 fuels. This is due to the fact that the atomization due to the boiling process decreases at higher pressure because of the increasing pa/ps.




4.2. Particulate Emissions


A previous publication [10] shows the performance of the bioliq®/10 2017 fuel in terms of particulate emissions as a function of the injection timing. It showed higher particulate emissions, mainly due to the higher aromatic content of heavy aromatics (>C9). Therefore, Figure 8 shows the normalized total particulate number concentration in dependency of the injection timing of the 2017 (black markers) and 2019 (colored markers) fuels. Two engine loads of   0.5    M  Pa  and   0.8    M  Pa  demonstrate the improvement of the 2019 bioliq® fuel. The values are normalized to their reference fuel (2017 and 2019 RON95 E5 to the associated bioliq® fuel blend), due to a change in the base fuel.



The general curve shape is similar for all fuels and both engine loads, and starts with a high total particulate number concentration caused by the impingement of the fuel spray on the piston, and thus a diffusive, rich combustion of the fuel, the so-called pool fire. Thereafter, the total particulate number concentration decreases to a minimum due to the downward movement of the piston, which prevents the injected fuel from impinging on the piston. This minimum is in the range of 320   ° CAbTDCf   and 310   ° CAbTDCf   for all fuels at an engine load of   0.5    M  Pa  and   0.8    M  Pa , respectively. The following increase in the total particulate number concentration at a later injection timing is a result of the poorer mixture formation due to the shorter time between injection and combustion. Another reason described by [26,27,28] is the wetting of the liner by the fuel spray.



Figure 8 also shows the improvement of the bioliq® 2019 fuel compared to the bioliq® 2017 fuel. Both engine loads show increased total particulate number concentrations regardless of the injection timing using bioliq®/10 2017 fuel. At the lower engine load in Figure 8a, the factor between RON95 E5 2017 and the bioliq®/10 2017 fuel is almost 2.5, so the bioliq® fuel blend produced a 2.5 times higher particulate concentration in the worst-case scenario at a late injection timing at 230   ° CAbTDCf  . In comparison, the 2019 bioliq® fuel blends show a significant improvement regarding the total particulate number concentration. The bioliq®/10 2019 fuel does not significantly influence the particulate concentration, and follows the reference line of the RON95 E5 from 2019. Higher bioliq® 2019 fuel contents result in an increase in particulate emissions at late injection timings. However, the difference between the reference fuel and the bioliq® fuel blends is significantly smaller, and only about 1.5 times the reference fuel. The particulate emission of the bioliq® 2019 fuel blends at injection timings between 320   ° CAbTDCf   and 290   ° CAbTDCf   should be positively emphasized at this point. The bioliq® fuel content does not deteriorate the particulate emissions in the normal engine operation’s relevant injection timing window. At the higher engine load in Figure 8b, the bioliq® 2019 fuel blends do not significantly change the particulate number concentration, independent of the injection timing. Although the bioliq®/10 2017 fuel performs better compared to the lower engine load, however, it has a higher particulate number emission under all injection conditions.



The difference of the fuel performances is caused by the two factors of aromatic content and the mixture formation. It is known that heavy aromatics (>C9) favor the particulate formation, resulting in higher total particulate emissions [29,30,31,32]. Despite the fact that the aromatic content of the bioliq® 2019 fuel has not decreased compared to the bioliq® 2017 fuel, the aromatics are smaller than C9, and thus improve the particulate emissions, which is also shown by [33]. In addition, [33] remarks that the aromatic size has a stronger influence than the total aromatics content on the particulate emissions. Comparing the two engine loads, the size of the aromatic should not be the only effect influencing the particulate formation. The higher engine load increases the ambient-to-saturation pressure ratio, and thus reduces the difference in the spray characteristics at higher bioliq® fuel content, which is described in detail in Section 4.1. This explains the weaker performance of bioliq® 2019 fuel blends at late injection timing at the lower engine load, as here, the lower boiling curve of the RON95 E5 2019 has a noticeable influence on the spray shape.



In summary, the improvements on the content of heavy aromatics between the 2017 and 2019 bioliq® fuel are also reflected in an improvement in particulate number emissions at all observed injection timings. In addition, the bioliq® 2019 fuel blends no longer show a deterioration in particulate number emissions at an IMEP of   0.8    M  Pa .




4.3. Particulate Size Distribution


The characterization of the particulates can be performed by observing the particulate size distribution (PSD). It gives information about the formation of particulates and how gasoline particulate filters (GPF) can handle these particulates, due to the filtration efficiency, which depends on the particulate size [34,35]. Another piece of information is the regeneration habit of these GPFs, which depends on different properties such as the soot reactivity of the filtered soot particulates [36,37].



Although particulate size distributions are available for each of the total particulate number concentrations presented in the previous subsection, only the particulate size distributions at the lowest particulate number concentrations are considered in Figure 9 below, in order to preserve clarity. The PSDs shown are for the operation points (a) at an IMEP of   0.5    M  Pa  and an SOI of 320   ° CAbTDCf   and (b) at an IMEP of   0.8    M  Pa  at an SOI of 310   ° CAbTDCf  . First, in both engine operation points, all fuels show a bimodal particulate size distribution, with a nucleation mode below 15  n  m  and an accumulation mode with a maximum at approximately 60  n  m . Notable is the small difference in the PSD shape between the low IMEP in (a) and the high IMEP in (b) using the bioliq® 2019 fuels, while the RON95 E5 2019 base fuel shows a shift in shape towards larger particulates in the accumulation mode, aligning with the PSD shape of the bioliq® fuel blends. A possible explanation is the lower difference in the spray formation, which is discussed in Section 4.1. The higher pressure at the injection timing reduces flash boiling of the RON95 E5 2019 fuel, resulting in a similar spray shape, and thus mixture formation, compared to the bioliq® 2019 fuel blends.



Comparing the two bioliq® fuel campaigns from 2017 and 2019, only a difference at an IMEP of   0.5    M  Pa  is observed. The bioliq® 2017 fuel shows a higher number of small particulates in the nucleation mode. Moreover, the accumulation mode of the bioliq® 2017 fuel behaves similarly to that of the RON95 E5 2017 base fuel. A significant difference between the two fuel campaigns is the larger amount of heavy aromatics (>C9) in the bioliq® 2017 fuel. These aromatics act as a precursor of polycyclic aromatics, which leads to a formation of particulates [38], and thus an increase in the particulate number concentration in the nucleation mode. In [38], the authors also showed a similar trend, and concluded that the total aromatic content of small aromatics has a small effect on the particulate size distribution, while the content of large aromatics leads to an increase in the nucleation mode in the particulate size distribution. This is in good agreement with the results in this work.




4.4. Hydrocarbons


The hydrocarbon emissions at different injection timings for the different fuels are shown in Figure 10. As before, in this Figure 10, (a) and (b) also show the two operation points at an IMEP of   0.5    M  Pa  and   0.8    M  Pa , respectively. The fuels show a similar behavior at each engine operation point, with the curve depending on the operation point. At the lower engine load in (a), the hydrocarbon emissions peak at the earliest injection timing of 330   ° CAbTDCf   and decrease steadily to their minimum value at an SOI of 300   ° CAbTDCf  . Due to the early injection timing and the piston wetting, the diffusive flame leads to incomplete combustion of the fuel, resulting in a higher hydrocarbon emission. However, at later injection timings, this effect diminishes, leading to the minimum. Subsequently, the hydrocarbon emissions increase slightly at first, but then remain relatively constant. The slight increase in emissions can be explained by the shorter time for the mixture formation and evaporation of the spray. With increasing load, showed in (b), the hydrocarbon emissions show a similar trend at early injection timing than at an IMEP of   0.5    M  Pa . However, after the minimum at an SOI of 310   ° CAbTDCf  , the hydrocarbon emissions show a strong increase with later injection timings. The reasons for this are the shorter time for mixture formation, the higher fuel mass and the increased ambient pressure, resulting in less flash boiling, and thus to poorer mixture formation.



At the lower engine load in Figure 10a, and at early SOIs until 300   ° CAbTDCf  , the bioliq®/10 2017 fuel shows the highest concentration of hydrocarbon emissions, while the other fuels do not show significant differences. In [39], the authors showed a correlation between the volatility of the fuel and the hydrocarbon emissions of the fuel. Considering the distillation residue from Table 1, the bioliq®/10 2017 fuel has the highest value of all fuels. Therefore, it is a possible explanation that this distillation residue, among others, leads to increased hydrocarbon emissions. The higher engine load in (b) shows a slight tendency towards higher hydrocarbon emissions at early injection timings by adding bioliq® fuel to the base fuel. At later injection timings, this influence becomes clearly visible, and the hydrocarbon emission increases with the bioliq® fuel content. However, it must be considered that the bioliq® 2019 fuel can be blended in higher contents until similar hydrocarbon emissions are reached compared to the bioliq® 2017 fuel. This illustrates the improvements made in the production process of the fuel.





5. Conclusions


By modifying the product refinement, heavy aromatics (>C9) were completely removed from the hydrocarbon mixture of the bioliq® plant. Blends of 10   vol . - %  , 20   vol . - %   and 30   vol . - %   bioliq® fuel with commercial RON95 E5 gasoline were prepared in order to investigate the effects of the reduced content of high-boiling aromatics on the spray characteristics in a pressure chamber and the particulate and hydrocarbon emissions in a single-cylinder research engine. The exhaust gas emissions were then compared to those for the bioliq®/10 2017 fuel, which have been described previously. The main findings are as follows:




	
Measurement of the spray characteristics at   0.1    M  Pa  showed decreasing atomization with increasing bioliq® fuel content, partly due to the lower vapor pressure of the bioliq® 2019 fuel. Increasing the pressure to   0.25    M  Pa  resulted in a leveling of the spray characteristics due generally to less flash-boiling.



	
The reduction in heavy aromatics results in a direct reduction in the particulate number concentration in the case of all investigated blends.



	
By adding bioliq® fuel to the base fuel, an increase in the particulate diameter can be observed at low engine loads. This effect is distinguished at higher engine loads; thus, no significant difference between the base fuel and the blends can be observed.



	
The hydrocarbon emissions were significantly reduced. At injection timings close to the optimized conditions for low hydrocarbon emissions, the addition of bioliq® fuel did not lead to a deterioration in emission formation. Only for later timed injections, accompanied by shorter time of mixture formation, hydrocarbon emissions also increased with higher bioliq® fuel content. However, compared to the bioliq®/10 2017 fuel, the percentage of renewably produced hydrocarbons could be doubled in a blend with 20   vol . - %   bioliq® fuel.








Finally, it should be noted that the fuel blends used were not specifically additivated, and only the inherent additive package of the base fuels was presented. With an additive package optimized for these fuel blends, there is further potential for a significant reduction in particulate and hydrocarbon emissions.
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Abbreviations


The following abbreviations are used in this manuscript:



	AFR
	Air–fuel ratio



	BtL
	Biomass-to-liquids



	CAbTDCf
	Crank angle before top dead center firing



	DI
	Direct injection



	  d l  
	Detection limit of the FID



	DME
	Dimethyl ether



	DtG
	Dimethyl ether-to-Gasoline



	EEPS
	Engine Exhaust Particle Sizer



	EN
	European standard



	ETBE
	Ethyl tertiary-butyl ether



	EU
	European Union



	FID
	Flame ionization detector



	GPF
	Gasoline particulate filter



	h
	Operation time after last analyzer calibration



	HC
	Hydrocarbons



	HS
	High-speed



	IMEP
	Indicated mean effective pressure



	KIT
	Karlsruhe Institute of Technology



	LED
	Light-emitting diode



	MON
	Motor octane number



	  m  v  H C    
	Measured value of hydrocarbon concentration



	PSD
	Particulate size distribution



	RED
	Renewable Energy Directive



	RON
	Research octane number



	SI
	Spark-ignited



	SOI
	Start of injection



	  u  H C   
	Uncertainty of hydrocarbon concentration measurement
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Figure 1. Composition of bioliq®/100 gasoline from the 2017 and 2019 campaigns according to ASTM D6730-01 (2016). Only compounds with a content above 1   wt . - %   are considered. 
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Figure 2. Distillation range defined by the EN228 standard and distillation curves of the fuels measured according to DIN EN ISO 3405:2019-09. 
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Figure 3. Schematic experimental setup for the spray analysis [19]. 
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Figure 4. Spray development of the fuels at a rail pressure of 20  M  Pa , a fuel temperature of 90     ∘  C   and a pressure chamber temperature of 40     ∘  C  , at a chamber pressure of   0.1    M  Pa . 






Figure 4. Spray development of the fuels at a rail pressure of 20  M  Pa , a fuel temperature of 90     ∘  C   and a pressure chamber temperature of 40     ∘  C  , at a chamber pressure of   0.1    M  Pa .



[image: Fuels 04 00013 g004]







[image: Fuels 04 00013 g005 550] 





Figure 5. Spray development of the fuels at a rail pressure of 20  M  Pa , a fuel temperature of 90     ∘  C   and a pressure chamber temperature of 40     ∘  C  , at a chamber pressure of   0.25    M  Pa . 
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Figure 6. Penetration length of the 2019 fuels at a rail pressure of 20  M  Pa , a fuel temperature of 90     ∘  C   and a pressure chamber temperature of 40     ∘  C  , at (a) a chamber pressure of   0.1    M  Pa ; (b) a chamber pressure of   0.25   M  Pa . The error bars indicate the standard deviation of each measurement. 
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Figure 7. Projected spray area of the 2019 fuels at a rail pressure of 20  M  Pa , a fuel temperature of 90     ∘  C   and a pressure chamber temperature of 40     ∘  C  , at (a) a chamber pressure of   0.1    M  Pa ; (b) a chamber pressure of   0.25    M  Pa . The error bars indicate the standard deviation of each measurement. 
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Figure 8. Normalized total particulate number concentration in dependency of the injection timing at an IMEP of   0.5    M  Pa  (a) and   0.8    M  Pa  (b). The error bars are indicating the standard deviation of each measurement. 
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Figure 9. Particulate size distribution at minimum total particulate number concentration at (a) IMEP   0.5    M  Pa  and an SOI of 320  ° CAbTDCf  ; (b) IMEP   0.8    M  Pa  and an SOI of 310  ° CAbTDCf  . 
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Figure 10. Normalized hydrocarbon concentration in dependency of the injection timing at an IMEP of   0.5    M  Pa  (a) and   0.8    M  Pa  (b). The errors bars indicate the measurement uncertainty of the FID used. 
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Table 1. Fuel properties of the base fuel and different blends.
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	Property
	Unit
	RON95 E5 2017
	bioliq®/10 2017
	RON95 E5 2019
	bioliq®/10 2019
	bioliq®/30 2019
	EN228 Limits
	Method Used





	RON
	-
	95.6
	96.4
	95.1
	96.0
	97.2
	>95.0
	DIN EN ISO 5164:2014



	MON
	-
	85.5
	85.5
	85.2
	85.5
	86.1
	>85.0
	DIN EN ISO 5163:2014



	Density at 15     ∘  C  
	   k g /  m 3    
	740.6
	747.0
	747.5
	751.7
	772.2
	720.0–775.0
	DIN EN ISO 12185:1997



	End of boiling curve
	     ∘  C   
	199.5
	196.9
	197.1
	197.1
	190.2
	<210.0
	DIN EN ISO 3405:2011



	Distillation residue
	   vol . - %   
	0.8
	1.1
	0.7
	0.8
	1.0
	<2.0
	DIN EN ISO 3405:2011



	Vapor pressure
	   k Pa   
	63.8
	74.1
	56.4
	53.3
	49.2
	45.0–90.0
	DIN EN 13016-1:2018



	Sum oxygen
	   wt . - %   
	1.9
	1.8
	1.9
	1.6
	<1.5
	<2.7
	DIN EN ISO 22854:2016



	Sum aromatics
	   wt . - %   
	36.5
	38.7
	37.1
	41.4
	50.4
	<42.0
	DIN EN ISO 22854:2016
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Table 2. Engine data.
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	Property
	Value





	Displaced volume/   cm 3   
	498



	Stroke/  m m  
	90



	Bore/  m m  
	84



	Compression ratio/-
	10.5:1



	Injection system
	Central-mounted DI



	Rail pressure/  MPa  
	20
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