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Different octane specification methods were evaluated under rising ethanol blending volumes by adopting a refinery economics model to represent a region in the U.S. It was demonstrated that the traditional octane specification methods, such as the Anti-knock Index (AKI) used in the U.S., or the Research Octane Number (RON) and Motor Octane Number (MON) used in the EU, can lead to counterintuitive drop in octane sensitivity with increased availability of ethanol. This is undesirable for modern gasoline engines that require fuels with high RON and low MON, but it is a consequence of how a refinery reformulates the gasoline blendstock, resulting in more naphtha being used in the final composition. The use of a new specification method based on octane index (OI), with engine constant K = −1, internalizes the diminishing role that MON plays in modern engines, thus ensures that the desirable anti-knock quality is being met either through higher RON and/or higher sensitivity. Initial assessment suggests a potential engine efficiency benefit (~ 1.5%) to be gained simply by switching from an AKI-based specification method to an equivalent OI-based method.
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BACKGROUND

The evolution of the automobiles in the last century (Splitter et al., 2016), and the parallel adaption of petroleum refineries to increasing and shifting demand for fuels (Gudde, 2017), have allowed for significant progress to be achieved within the transport sector (EPA, 2014). The internal combustion (IC) engine, which accounts for more than 99% of automotive drivetrains, has primarily been fueled by petroleum-derived hydrocarbons throughout the history of the automobile (BP, 2014; ExxonMobil, 2015; IEA, 2017); though alternative fuels and powertrains have been fast growing in the last decades (IEA, 2017). The transportation landscape today is undergoing tremendous changes, mainly driven by legislative requirements aimed at reducing tailpipe pollutant emissions, improving vehicle efficiency and mitigating the impact of transportation on global climate change. Equally important, consumers are increasingly demanding for vehicles with improved performance and drivability, and better affordability. This has led to technological advancements in many aspects of engine designs, combustion control and after-treatment systems that can deliver improved efficiency and lower emissions. The ability of fuels to co-evolve to enable advanced engines is central to the future of a sustainable transport solution. This has been recognized since the early Twentieth century with documented scientific inquiries on the relationships between fuels and engines, and their effects on auto-ignition, geometric compression ratio and the performances of spark-ignition (SI) engines (Horning, 1923; Young and Holloway, 1924).

Gasoline and diesel, the two most common fuels used in IC engines, are complex mixtures of hydrocarbons comprising of refinery streams that have been chemically upgraded to meet the stringent quality and emission requirements of modern engines worldwide. Conventional diesel fuels are typically designed to autoignite readily in a compression ignition (CI) engine. While CI engines are much more efficient than SI engines, they suffer from higher engine-out emissions of NOx and particulates due to their limited premixing time. To control these pollutant emissions, modern CI engines rely on complicated and costly technologies to overcome the challenges associated with the autoignition tendency of the fuel. It has been proposed that the use of a new lower-octane fuel, comprising of gasoline-like streams, in an efficient CI engine can enable significant improvements to the efficiency and emissions of the transport sector. The engine, also known as GCI (gasoline compression ignition), has been shown to be at least be as efficient and clean as current diesel engines (Kalghatgi and Johansson, 2018). Given that it will be less complicated than contemporary diesel CI engines, it is likely to be cheaper too. Although the new fuel and engine concept has been well-demonstrated, more development work is still required to make it into a practical and sustainable solution for the sector.

Conversely, the octane quality of gasoline, which measures the ability of the fuel to resist autoignition, is a highly desirable property for a spark ignition (SI) engine. A higher octane gasoline can enable more efficient SI engines through the use of increased compression ratio, or engine downsizing and down-speeding. Often this allows engines to operate at higher break mean effective pressure (BMEP) levels, typically limited by the onset of engine knock. Hence, the availability of gasoline with improved knock resistance is central to many automakers' strategy to achieve greater fuel efficiency in modern SI fleets (CRC, 2017). In some existing SI vehicles equipped with closed-loop knock detection algorithms, the use of a higher octane fuel also allows for the engines to advance their spark timing to enhance performance and efficiency. However, in typical real world driving, the octane appetite of engines varies with the operating conditions and, under most conditions, the octane needs of the engine can be satisfied by modest octane levels (Partridge et al., 2014; Chang et al., 2015). It is only under more severe loads that higher octane fuels are needed to ensure optimal performance and efficiency (Liu et al., 2014). The varying octane needs of the engine, and the fact that higher octane is mostly only needed in a narrow operating region, have given rise to the concept of octane-on-demand (Liu et al., 2014; Partridge et al., 2014; Chang et al., 2015; Morganti et al., 2017). Such an approach allows for the use of low octane for most of the operating regime, and higher octane when it is needed the most. Thus, the concept can still enable a more efficient SI engine but through greater utilization of the available octane. However, more research and development work is still required to advance the technology into a practical commercial solution.

In the meantime, the desire for more efficient engines is increasing the appetite for high octane gasoline. The production of high octane fuel often requires energy intensive processes within the refinery or involves more complex blending operations. The increasing use of bioethanols in gasoline as part of growing renewable fuels mandate worldwide offers an opportunity to simultaneously boost the octane level of the fuel given that ethanol has excellent antiknock quality. However, with the limited supply of advanced generation and sustainably-sourced bioethanol, refiners will be increasingly stretched to satisfy the growing appetite for octane. Researchers within the industry are currently exploring ways to increase the octane production capacity which, amongst others, include the development of novel alternative octane production routes. As an example, SuperButolTM, a novel refinery-derived high octane component comprising of mixed butanol isomers and di-isobutylene, was recently demonstrated at a pilot production scale (Xu and Vogel, 2011; Shaik et al., 2015); and its use in gasoline blends was shown to be compatible with key gasoline specifications (Kalamaras et al., 2017).

Octane specifications worldwide vary considerably between different markets (Table 1). In Europe, EN228 regulates the octane of gasoline by specifying the RON and MON at a minimum of 95 and 85, respectively. This translates to a minimum anti-knock index (AKI, i.e., the average of RON and MON) of 90. This is higher than regular U.S. gasoline, which typically has an AKI of 87. The higher octane level in Europe allows for engines with slightly higher compression ratio and thus, better efficiency than the U.S (Anderson et al., 2012a). In many markets, gasoline with the highest market share would have an octane level of about 92 RON (Table 1), which is still below the EU's minimum octane specification level.


Table 1. An overview of current specifications for gasoline knock resistance in 6 key markets globally.
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Most countries tend to specify gasoline octane on the basis of AKI, RON, or both RON and MON. As an exception, China specifies the RON and AKI of their gasolines. RON and MON scales are based on primary reference fuels (PRFs)—mixtures of iso-octane and n-heptane—which is the surrogate fuel we use today within the industry and in most octane specifications worldwide. RON and MON describes the anti-knock behavior of practical gasolines only at the RON and MON test conditions, respectively. The existing octane scale has been used within the industry for about 80 years or so, and recently an alternative rating method based on toluene/n-heptane mixtures (toluene reference fuels, TRF) was proposed to better reflect the anti-knock quality of practical gasolines (Kalghatgi et al., 2014). It is well established that the autoignition chemistry of a practical gasoline, which is not a simple binary mixture of iso-octane and n-heptane, is significantly different from that of PRFs.

The true anti-knock quality of gasoline is given by its octane index, OI = RON–K S, where S = RON–MON, is the sensitivity (Kalghatgi, 2014). K is an engine constant that depends on the pressure and temperature history of the unburned mixture in the cylinder (Figure 1A). At a given temperature, the RON test has a higher pressure than the MON test; or alternatively, for a given pressure, the temperature of the unburned gas is lower in the RON test compared to the MON test. Effectively, K acts as a weighting factor between RON and MON; a value of 1.0 means that OI = MON, while values of 0.5 and 0 lead to OI = AKI, and OI = RON, respectively. SI engines have become more efficient through the years and this has meant that, for a given temperature of the unburned mixture in the cylinder, the pressure has increased. Consequently, the value of K has also declined in general (Figure 1B). For instance, when the MON test was first proposed in the late 1920s, engines had a K-value close to 1. The AKI was proposed as a measure of fuel anti-knock quality in the mid-1950s because the engines of that time generally had a K-value of 0.5 at the operating conditions most prone to knock. Multiple experimental studies have confirmed that the value of K has been steadily declining, such that modern engines today have been demonstrated to have negative K-values especially under operating conditions where their performances are limited by knock (Kalghatgi, 2001; Mittal and Heywood, 2010; CRC Octane Group, 2011; Prakash et al., 2016; Stradling et al., 2016). This suggests that, for the same RON, fuels with lower MON will actually have better anti-knock quality. Therefore, octane specifications that are still based on MON and AKI, are likely to be less relevant for modern SI engines. In keeping with the evolution of engines, fuels will have to adapt accordingly to enable a more efficient transportation future.
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FIGURE 1. (A) Pressure vs. unburnt gas temperature in the RON and MON test. SI engines have evolved along the direction of the red arrow as a result of increasing desire for higher efficiency and power density over the past decades (Kalghatgi and Stone, 2017); (B) the average engine K-values have declined over the years with some modern engines already operating beyond RON conditions so that K is negative (CONCAWE, 2016).



This paper explores an alternative octane specification method based on OI. Refinery assessments were performed to compare and contrast several existing approaches and the implications for gasoline refining. The analysis was conducted using a refinery economics model to represent an average refinery in a U.S. region. This study shows that as ethanol is increasingly being used to meet the octane requirements of modern engines, the sensitivity of the ethanol-gasoline blend can decrease. This is counterintuitive given the high octane sensitivity of ethanol, but it is a result of the way gasoline is being specified in most markets today. Moreover, this demonstrates that gasoline fuel is being pushed in a different direction compared to engine trends, and therefore this study supports prior works that have called into question the relevance of incorporating a minimum MON specification for modern gasolines.

EXPERIMENTAL DETAIL

A refinery linear-programming (LP) model was developed to represent the refining system in the U.S. Gulf Coast (PADD III). An LP model is a refinery economics optimization model that is already routinely used by most refiners worldwide to guide short-term production plans and inform longer-term investment decisions (Abdul-Manan et al., 2017; Gordillo et al., 2017). The model is a complex tool that seeks to maximize refinery profitability when meeting demands for refined petroleum products, by taking into account product prices and costs associated with feedstocks and utilities purchases (Pierru, 2007; Tehrani Nejad and Saitn-Antonin, 2014; Abdul-Manan et al., 2018). The optimization of the model is subjected to capacity constraints associated with each processing unit in the refinery, and it takes into consideration the fuels quality requirements specified within regulations. In this study, we combined the refineries in the Gulf Coast area to create a single, large and complex refining system to represent the region. The model was subsequently calibrated to meet the actual regional supply and demand balances in 2014 based on the products and feedstock prices. Our approach of aggregating refineries in a region may not necessarily represent the reality of the refining industry today as it ignores the cost of intermediate product transfers, and as a result it may lead to an over-optimized solution. The other alternative however, would be to model individual refineries, but this ignores the economic interactions between refineries, and the resulting feedback mechanisms, and so it may lead to an under-optimized outcome. The simplification that we have made greatly reduces the modeling efforts especially given the vast numbers of refineries in a region, and the calibration of the model partly mitigates the issues associated with over-optimization (MathPro, 2014). More discussions on our modeling approach can be found in Lu et al. (2016), Abdul-Manan et al. (2017, 2018) and Gordillo et al. (2017). Specifically the PADD III LP model utilized in this study has been used previously in other refinery assessments (Lu et al., 2016; Abdul-Manan et al., 2018).

This study was performed under two different scenarios: (a) at fixed knock resistance, and (b) at higher knock resistance. The knock resistance of gasoline was specified using 3 different approaches: AKI, RON and OI assuming K = −1. In the first scenario, the knock resistance of gasoline was specified at 88, 93 and 103, for the AKI, RON and OI methods, respectively. We varied the concentration of ethanol in gasoline between 0 and 20% by volume. For the second scenario where the gasoline has higher knock resistance, we tested four different cases: (i) AKI 88 & 10% ethanol, (ii) AKI 88 & 15% ethanol, (iii) AKI 90 & 10% ethanol, and (iv) AKI 90 & 15% ethanol. A summary of both scenarios and all test cases are provided in Figure 2.
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FIGURE 2. Summary of scenarios 1 and 2 evaluated in this assessment.



Volumetric blending is the standard approach used in most refinery LP models, however it may not be appropriate for estimating the octane of ethanol blends (MathPro, 2014). Ethanol does not blend linearly with volume in gasoline (Figure 3A) for RON and MON. The RON gain as a result of ethanol addition is much steeper at lower concentrations (particularly below 40% vol.), and for lower octane gasoline blendstock (Figure 3A). The linear by molar concentration method, though better than the volumetric approach, still has a tendency to underestimate the octane of the final ethanol-gasoline blends (Anderson et al., 2012b; Wang et al., 2017).
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FIGURE 3. Effects of ethanol-gasoline blend on the (A) measured RON and MON reported in the literature, and (B) the estimated volumetric blending RON and MON (bRON & bMON) calculated in this study.



For the purpose of this study, we had to estimate the volumetric blending octane of ethanol for input into the LP model. Here, we adopted Anderson et al.'s non-linear molar-based correlation (Equation 1) (Anderson et al., 2012a), and the RON and MON of neat ethanol, to estimate the octane of the gasoline blendstock required in order to achieve the targeted octane of the final gasoline at a given ethanol concentration. The RON and MON of the neat ethanol were taken to be 109 and 90, respectively, based on (Anderson et al., 2012a; Foong et al., 2014). Anderson et al.'s correlation (Equation 1) includes a quadratic term to demonstrate the non-linearity of ethanol-gasoline blends, where P, in Equation (1), is 0.45–0.48 for RON, and 0.94–1.21 for MON. We took the midpoint value for P in our assessment (PRON = 0.465, PMON = 1.075). ONg, ONb, and ONe are the octane numbers of the finished gasoline, gasoline blendstock and neat ethanol, respectively, while Xe is the molar percentage of ethanol in the final ethanol-gasoline blend.
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Then, using the octane of the blendstock (BOB, blendstock for oxygenate blending), we estimated the equivalent volumetric blending octane of ethanol (ONe−vol.) required using (Equation 2) for input into the model.
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An identical approach has also been used recently by Zhang and Sarathy (2016), in which for an E10 gasoline with RON 95 and MON 85, the volumetric blending octane for ethanol was estimated to be 145 and 114 for bRON (blending RON) and bMON (blending MON), respectively. By using this approach, we estimated that the volumetric blending octane of ethanol, for blends of 10–20% by volume, is between 152–156 and 133–137 for bRON and bMON, respectively, to achieve finished gasoline with a RON of about 93. To reduce the computational efforts, we used the midpoint values of 155 and 135 for bRON and bMON, respectively. Although still within the ranges reported in recent literature (bRON: 109–174, bMON: 88–159) (Table 2 and Figure 3B), we accept that these are slightly on the higher side. Therefore, we repeated the analyses using different combinations of blending RONs and MONs to assess the sensitivity of the outcomes to our modeling assumptions. The following bRON/bMON combinations were used in the sensitivity assessment: 145/125 and 140/110.


Table 2. Effects of ethanol blending on the measured RON and MON of gasolines at different concentrations and for different blendstocks reported in the literature.
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RESULTS

Scenario 1: At Fixed Gasoline Knock Resistance

Figure 4 shows the changes in gasoline composition as the concentration of ethanol is increased from 0 to 20% by volume for the AKI-based specification method, at fixed octane rating. As more ethanol is being used, other high octane refinery streams are displaced from the gasoline pool. The choice of which high octane streams to be displaced depends on the overall refinery economics, which include the availability and constraints of installed process unit capacities, demand for intermediate streams for blending into other refined products, the volume and price of the final fuels, and more. In our analysis, we found that reformates, FCC gasoline, alkylates and isomerates can be displaced by ethanol. Ethanol, in addition to its high octane rating, also has zero sulfur content, thus making it an excellent component for low sulfur gasoline. This leads to a lower demand for refinery hydrogen as less hydro-desulfurization is required (Figure 5). Given the increasingly stringent sulfur requirements in transport fuels specifications worldwide, ethanol can likely provide some relief to refineries especially those that are severely hydrogen constrained. Typically, a refinery obtains hydrogen from a combination of (1) the hydrogen plant, which is an on-purpose hydrogen production facility through steam methane reforming of natural gas, and (2) the reformer, a high octane production unit with hydrogen as a by-product. Here we found that the lower overall demand for hydrogen, and the reduced need for producing higher octane component, resulted in large displacement of reformate in the final gasoline composition (Figure 4).
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FIGURE 4. Changes in gasoline composition as a result of increasing ethanol concentration.
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FIGURE 5. Drop in reformer hydrogen with increasing use of low sulfur, high octane ethanol.



The displacement of reformate, a high octane refinery component, also allows for significantly more naphtha, a lower octane stream, to be blended into gasoline (Figure 4) while still meeting the octane specification. As a result, the sensitivity (i.e., S = RON–MON) of the gasoline drops with increasing ethanol content (Figure 6). This is counter intuitive given that ethanol has very high sensitivity of close to 20. The unintended consequence arises from the refinery's re-optimization strategy in response to increasing ethanol blending requirements, which enables naphtha, typically possessing very low sensitivity of about 1–2, to be blended at much higher concentrations into gasoline. Interestingly, the drop in gasoline sensitivity with increasing ethanol content is more pronounced for the AKI and RON based specification methods than the alternative OI-based method (Figure 6). This is because, when gasoline knock resistance is specified by OI to meet the requirement of an engine with K = −1, implicitly we are moderating the increase in naphtha content of the final gasoline pool.
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FIGURE 6. Faster drop in gasoline sensitivity with traditional octane specification methods than in an octane index-based method.



The knocking tendency of a gasoline fuel depends on the engine's operating conditions, and octane specifications have to meet evolving needs of the engines. Figure 7 plots the knock resistance of the fuel in terms of OI against ethanol concentration; refinery blending of the fuel is done assuming that K is +0.5 (Figure 7A), 0 (Figure 7B), and −1 (Figure 7C). In Figure 7 we show that the traditional RON or AKI specification methods are less reflective of the needs of more modern engines with increasingly negative K-values. An AKI specification method, effectively aims to satisfy the knocking resistance required by an engine with a 0.5 K-value (Figure 7A), whereas the RON method is based on meeting the needs of a K = 0 engine (Figure 7B). In both methods, more modern engines with negative K-values are likely to experience higher knocking tendency with increasing ethanol concentrations given that the sensitivity of the fuel drops due to higher naphtha contents in the re-optimized gasoline formulation. On the other hand, the OI-based specification method achieves the desirable knocking resistance by moderating the use of naphtha, but also at the same time the refinery compensates the drop in sensitivity by increasing the RON of the final gasoline (Figure 7C). And so, while the finished gasoline continues to be fit for a K = −1 engine, the blend reformulation also provides additional octane benefit to less modern engines (K ≥ 0) through higher RON, MON and AKI. This suggests that an OI based specification method not only ensures that the fuel continues to be fit for purpose for older and existing fleet in the market, but there may also be efficiency benefits to be gained.
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FIGURE 7. Knock resistance of gasoline produced via 3 different specification methods, at varying ethanol concentrations, under different engine K parameters. Refinery blending of the fuel is done assuming that K is (A) +0.5, (B) 0, and (C) −1.



Many fuels blending studies and engine tests previously conducted using ethanol containing gasolines were performed using fuel blends prepared by splash-blending ethanol into an existing market gasoline. Indeed, this is the practical approach that many commercial refiners used to take in the past when the volumes of ethanol-containing fuels were still small (Anderson et al., 2012a). This resulted in octane “give-away” in some of the gasoline fuels containing ethanol. However, with increasing demand for ethanol-gasoline blends, this is no longer a cost-effective method and so refineries have had to adapt by producing a special gasoline blendstock (BOB), with lower octane rating, specifically for blending with ethanol. This involves a re-optimization of refinery operation to take into account of increased ethanol availability to a refiner, for use as a high octane blending component. Reportedly this took place in the U.S. by 1990 (Anderson et al., 2012a). Figure 8 depicts the historical evolution of octane in the U.S. since the 1980s, where it can be seen that there is an apparent drop in octane index (at K = −1) for E10 gasoline post 1990. Conversely, there is no evidence of similar changes in the octane index of gasoline that did not contain ethanol (E0) (Figure 8A). This drop in octane index for E10 gasoline in the U.S. can be attributable to the adaption of refineries to increasing use of ethanol. While the sensitivity of the E10 gasoline also dropped during this period, it is unclear how the composition of gasoline had changed over the years. Since the RON of the gasoline had simultaneously decreased (Figure 8B), and the fact that lower RON components also tend to have lower sensitivity, it is thus not possible to directly attribute the apparent drop in sensitivity to higher naphtha contents of the finished gasoline.
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FIGURE 8. Historical octane data in the U.S. showing (A) evolution in octane index, and (B) changes in RON and sensitivity over time. Refinery re-optimization became more widespread post 1990 (Anderson et al., 2012a).



As far as we are aware, the indirect effects of ethanol blending on gasoline sensitivity has not been reported before. It is not clear if this is an artifact of our modeling assumptions, particularly the blending RON and MON adopted for ethanol in this study. As mentioned in the methodology section, there is a large uncertainty associated with the volumetric blending octane of ethanol. And so we repeated the analysis using different sets of bRON and bMON values (Figure 9) to assess the sensitivity of our findings to the modeling assumptions. Three ethanol bRON/bMON combinations were assessed, those are: 155/135 (base case), 145/125 and 140/110, which correspond to blending sensitivities of 20, 20, and 30, respectively.


[image: image]

FIGURE 9. Effects of ethanol blending RON (bRON) and MON (bMON) assumptions on (A) octane sensitivity, and (B) octane index of finished gasoline at 0%, 10% and 20% ethanol contents. The 3 bRON /bMON combinations were 155/135, 145/125, and 140/110, with blending sensitivities of 20, 20, and 30, respectively.



Figure 9 shows the effects of adopting different combinations of blending RONs and MONs for ethanol on the sensitivity (Figure 9A) and octane index (K = −1) (Figure 9B) of finished gasoline using the RON and OI based specification methods. The blending RON and MON adopted for ethanol can have a large impact on the octane sensitivity of the re-optimized gasoline formulation (Figure 9A). And, in particular, a larger ethanol blending sensitivity leads to a lower drop in octane sensitivity of the finished gasoline. Neat ethanol has a sensitivity of about 20 (Anderson et al., 2012a; Foong et al., 2014) and here we have presented the results of utilizing blending sensitivity values of between 20 and 30; this is based on Anderson et al. (2012a) for gasoline blendstock with RON of between 80 and 90, and for blending with ethanol up to 30% by volume (Figure 10). Although both specification methods, RON and OI, showed a drop in octane sensitivity for the finished gasoline when larger blending sensitivity value is adopted for ethanol, the OI-based method produced a slightly smaller drop. However, more to the point, the OI-based method does not compromise the engine-required knock-resistance of the final gasoline, regardless of this drop in sensitivity (Figure 9B). As discussed in preceding paragraphs, the OI-based method does this by raising the RON of the final gasoline to compensate for the drop in sensitivity. Given the high uncertainty in the ethanol blending octane values, which can fluctuate based on the octane of the gasoline blendstock and its chemical composition, the OI-based specification method provides certainty that the minimum gasoline knock-resistance required by the engine will be met, one way or the other. This certainty will also be particularly useful especially to minimize variability between refineries who may adopt different blending properties for ethanol.
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FIGURE 10. The blending sensitivity of ethanol explored in this study was between 20 and 30 based on Anderson et al. (2012a) for gasoline blend stock with RON of about 80–90, and for subsequent blending with ethanol up to 30% by volume.



Scenario 2: At Higher Gasoline Knock Resistance

Figure 11 shows the impacts of specifying higher gasoline octane, with and without ethanol, on the effective octane index of gasoline under three different specification methods. The effects of ethanol addition on the octane index of gasoline are similar to the observations made earlier in the preceding section, regardless of the octane level targeted for gasoline production. However, it is interesting to note that the OI-based method is uncompromising on the targeted gasoline knock resistance, whereas the more traditional methods may compromise the effective knock resistance for negative K engines.
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FIGURE 11. Changes in octane index (K = −1) as a results of higher octane production, without and with ethanol up to 15%, under three different specification methods.



However, it is important to stress that the OI method is not exclusive for engines with negative K-values. The OI specification method can also be used to specify the knocking resistance required for non-negative K engines. We envision that several gasoline grades can be offered at the retail stations, which is already the case today. The gasoline grades may be differentiated to satisfy different engine K constants as defined within the car's operating manual. The OI specification method aims to improve fuel-engine matching by integrating engine requirements into gasoline manufacturing. It does so by internalizing the relative importance of RON and MON for different engine characteristics.

Impacts on Efficiency of SI Engines

A key driving force behind the desire for more octane is the fact that it can enable improved efficiency in future SI engines. And so in this section we provide a rough estimation of the impacts of changing specification method on the efficiency of SI engines. We performed this by using the recommended correlations (Table 3) that were recently reported by Leone et al. in a review paper that had summarized the effects of fuel octane rating, compression ratio, and ethanol content on the efficiency of SI engines (Leone et al., 2015).


Table 3. Correlations used for estimating SI engine efficiency improvements due to higher compression ratio enabled by higher octane and ethanol containing gasolines.
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Figure 12 depicts the changes in gasoline knock resistance, measured by octane index with K = −1, simply by switching from an AKI based specification to an equivalent specification based on OI for a gasoline containing 10% ethanol by volume. As demonstrated in previous sections, the improvement in knock resistance is due to the higher RON gasoline produced under an OI-based method as a means to compensate for the drop in sensitivity attributable to the refinery's re-optimization strategy. It has been estimated that this increase in gasoline RON can roughly lead to about 1.5% efficiency gain in a turbocharged SI engine enabled by a higher compression ratio.
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FIGURE 12. Switching from AKI-based specification (AKI = 88) to an equivalent OI specification (OI = 103) can lead to improved gasoline knock resistance of about 2.5 points. Using Leone et al.'s correlations, this can enable up to 1.5% efficiency gain in a turbocharged SI engine due to higher compression ratio.



DISCUSSION

Modern gasoline engines continue to be pushed to meet ever greater fuel efficiency standards, lower emissions requirements and increased performance levels. Engine designers have responded by pursuing multiple promising technologies in parallel to enhance the fuel economy of their engines, and increasingly they are limited by the onset of knock. At the knock-limited operating conditions, the engines often display negative K characteristics. As we continue to push the boundaries of an efficient SI engine, increasingly it means that there is a diminishing role for MON with a progressively greater emphasis placed on RON for meeting the higher octane requirements of the engine (Figure 13). Practically, what this means is that, for a given RON, fuels with a lower MON is preferable. However, octane specifications that continue to place equal emphasis on RON and MON, such as the U.S.'s AKI or the EU's RON and MON methods, can be considered outdated particularly as we strive to enable new generations of efficient SI engines (Figure 13).
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FIGURE 13. The changing influence of RON and MON on gasoline knock resistance at different engine K constants. As modern engines trend toward negative K-values, MON becomes negatively correlated to octane index and its influence on gasoline antiknock quality diminishes relative to RON. Conversely, both, the U.S's AKI and the EU's RON and MON methods place equal emphasis on RON and MON.



The use of high octane ethanol in gasoline offers significant opportunities to improve the efficiency of SI engines. But our analysis suggests that because of the way octane is being specified worldwide, the ethanol blending strategies adopted by refineries today may result in a drop in gasoline octane sensitivity due to the higher use of naphtha in the reformulated gasoline. For modern gasoline engines with negative K characteristics, this can compromise the knock-resistance of the gasoline with increasing ethanol contents. However, this can be mitigated in three different ways.

The first approach is to splash-blend ethanol in finished gasoline, and not reformulate a new gasoline blendstock for ethanol blending. Splash-blending was in fact the standard practice when the volume of ethanol was still low and refineries would “give-away” octane. Ethanol splash-blending allows for the high octane and high sensitivity of the ethanol to be better exploited especially in an engine that favors gasoline with high RON and low MON. However, with growing volumes for ethanol blends, many refiners may not consider this as an economically feasible solution.

The other possible approach involves increasing the minimum RON specification of the finished gasoline. By doing so, we are meeting the octane requirements of the engine through higher RON as a means to compensate for the drop in sensitivity with increasing ethanol contents. However, given the way octane is specified today, which implicitly pushes for a minimum MON (Figure 14B), there is a risk that MON might also go up with increasing RON, so effectively we are pushing gasoline into a less preferable direction. Consider for example, a fuel that has a RON of 92 and MON of 81, and thus an OI of 103 (at K = −1). If RON is increased to 94, the maximum MON the fuel is permitted to have is 85, above which its OI will drop below 103. This suggests the need for a maximum MON specification, as opposed to the approach taken in many existing fuel standards today that specify a minimum MON. A specification that imposes a maximum MON can prevent unwanted drop in the knock-resistance of the gasoline, particularly under knock-limited operating conditions of a modern SI engine. However, a maximum MON specification effectively mimics an OI based method through a more prescriptive stipulation of the minimum RON and maximum MON required, and therefore the approach reduces a refinery's flexibility. Moreover, the maximum MON approach only caters for modern engines (with negative K-values) that require fuels with high RON and low MON. Thus, it may not be appropriate for some existing fleet in the market that may still benefit from having a higher MON gasoline.


[image: image]

FIGURE 14. The octane curves define the RON and MON required to meet different gasoline antiknock qualities under (A) OI-based and, (B) AKI-based specification methods. An AKI standard pushes gasoline antiknock quality into a different direction compared to engine trends.



An alternative approach would be to adopt a new specification method based on OI (at K = −1). The OI-based method ensures that the anti-knock quality of the fuel is being met either through higher RON and/or higher sensitivity (Figure 14A), and thus offers more flexibility to refiners. An OI-based specification method internalizes the diminished role that MON plays in the overall anti-knock quality of gasoline in modern SI engines. Our initial analysis also suggest that there is a potential engine efficiency benefit of around 1.5% to be gained simply by switching from an AKI-based specification method to an equivalent octane specification based on OI. Equally important, as we have shown in Figure 7C, an OI based method not only ensures that the antiknock quality of the fuel is fit for a modern SI engine (with negative K-value), but there is also a potential efficiency benefit that can be gained by older fleets (with positive K-values) from the higher RON, MON and AKI of the reformulated gasoline.

Like any other modeling exercise the strength of our analysis depends on the assumptions that were made. One of the biggest uncertainties include the blending octane values that were adopted for ethanol. This has been discussed in detail as part of the sensitivity analysis performed in section Scenario 1: At Fixed Gasoline Knock Resistance. But equally important is the fact that this uncertainty is not limited to the research community and may present itself as a practical challenge to many analysts and refiners. A more pragmatic approach for dealing with the blending octane values for ethanol has to be developed especially as ethanol-gasoline blends become more widespread, or ethanol is used at higher concentrations in gasoline.

In addition, our modeling technique involves combining refineries in the U.S. PADD III to create a single, large and complex refinery to represent the region. This is the approach that has been adopted by CONCAWE to support many previous EU refining studies (CONCAWE, 2006, 2009, 2017). Moreover, Argonne National Laboratory, in their 2015 report on high-octane fuels also recommended the use of aggregated refinery models to represent the U.S. PADD regions as the next steps to complement their methodological approach (Han et al., 2015). However, further analysis using a variety of methodological approach would permit better informed decisions regarding the appropriateness of different gasoline octane specification methods and their impacts on gasoline anti-knock quality as means to enable improved SI efficiencies.

CONCLUSIONS

The findings of this study has several important implications.

The growing use of ethanol to satisfy the rising appetite for knock-resistant fuel in efficient and modern SI engines can lead to a counterintuitive drop in octane sensitivity due to the way a refinery re-optimizes the gasoline blendstock formulation. This happens because gasoline anti-knock specifications continue to place equal importance on RON and MON.

For engines that operate beyond the RON operating conditions, such that the engine K constant is negative, MON has a declining and negative influence on gasoline anti-knock quality. What this means is that, at a given RON, fuel with a lower MON has a higher knock resistance. This has been repeatedly demonstrated to be the case for many modern and efficient SI engines. As such, specifications that continue to exert pressure on both, RON and MON, are effectively pushing fuels toward a different direction compared to engine development trends.

This study is a first attempt to explore the use of octane index as an alternative means for specifying gasoline knock-resistance from a refining perspective. The OI approach appears to offer advantages over other traditional specification methods and thus it is recommended that the approach is investigated further.
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