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Abstract

:

Heavy fuel oil has an energy density content comparable to distillate fuels but a very high viscosity that necessitates extra heating before spray combustion inside a boiler. Heavy fuel oil is also characterized by high asphaltenes, carbon residues, trace metals, such as vanadium and nickel, fuel-bound nitrogen, and sulfur. Asphaltenes are heavy polycyclic aromatic compounds with embedded heteroatoms and significantly affect the physico-chemical properties of heavy fuels; this makes them very difficult to burn and leads to the formation of large cenospheres (lightweight, inert, hollow spheres), due to an inefficient burning process. The primary goal of this study is to experimentally investigate the influence of the asphaltene concentration on the combustion of HFO under a swirling flame, finally reducing gaseous and solid pollution. We tested HFO samples containing asphaltene concentrations of 4, 6, 8, 16, and 24 wt.%, prepared by blending the light oil of diesel and pure asphaltenes with HFO. This work provides quantitative information about the effect of different asphaltene contents on the fuel properties of viscosity, density, heating value, thermogravimetry with air and N2, and swirling flame combustion characteristics, including the analysis of gaseous and solid particle emissions. The results indicated that the high asphaltene content in the fuel was the critical factor for the high viscosity and incomplete combustion and also increased the density of the fuel sample. Reducing the asphaltene content in HFO improves its spray characteristics and combustion performance and reduces the solid emissions containing sulfur and metal elements.
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1. Introduction


As to the wide application of heavy fuel oil (HFO) in utility boilers, industrial furnaces, and marine engines, the burning of HFO has been broadly tested in laboratory research and engineering development. With the gradual reduction of conventional light and medium oil resources, efficiently and economically recovering vast reserves of unconventional heavy oil and asphalt has attracted increasing attention. HFO has an energy density content similar to distilled fuel, but it has a very high viscosity and requires additional heating before spray combustion in the boiler [1]. The specific characteristics of HFO are the high contents of asphaltenes, carbon residues, trace metals, such as vanadium and nickel, and fuel-bound nitrogen and sulfur. Asphaltenes are heavy polycyclic aromatic compounds with embedded heteroatoms, making the fuel difficult to burn, and the inefficient combustion process leads to the formation of large cenospheres (lightweight, inert, hollow spheres).



Asphaltenes are compounds in crude oil, heavy fuels (high-boiling and nonboiling petroleum fractions), and oil sand bitumen. They are insoluble in n-alkanes (e.g., n-heptane) and only soluble in aromatic solvents (e.g., toluene). Their chemical structures are still not fully understood, so asphaltenes are characterized by their solubility class instead of their chemical properties. Asphaltenes have a significant impact on the physicochemical properties of heavy fuels and residues. It has been shown that asphaltenes are the most aromatic part of heavy fuels and, therefore, increase the viscosity of the fuel [2]. Thus, HFO with high asphaltene content requires the adding of solvent or the preheating of the fuel to improve fluidity. Asphaltenes in crude oil precipitate and deposit along the walls of the oil reservoir, thereby clogging the oil well and causing flowline fouling problems. For all these reasons, asphaltenes have been called ‘bad guys’ in petroleum fuels [3].



The well-referred results established by HFO combustion were to distinguish two combustion stages. The first is the liquid phase of evaporating volatile substances, and, then, the solid phase of oxidized coke, carbonaceous cenosphere particles formed during the liquid phase. This liquid combustion stage is a complex process that involves heat and mass transfer and chemical reactions, such as pyrolysis (thermal cracking) and polymerization. The solid combustion phase occurs immediately after the liquid combustion phase and forms a hollow shell cenosphere [4]. Most of the research on HFO combustion reported in the literature was carried out using suspended [5,6,7] and falling droplet [8,9,10] techniques, and many researchers used numerical simulations [11,12,13]. Elbaz et al. [7] studied the formation and oxidation of heavy oil, HFO, and particles produced by the combustion of droplets. They also used a scanning electron microscope (SEM) and an energy dispersive X-ray (EDX) to analyze the microstructure of the particles. The study concluded that the droplet ignition temperature is independent of the droplet size, but the liquid phase ignition delay time and droplet life are proportional to the initial droplet diameter. Kwack et al. [14] burned No. 6 fuel in a closed burner, observed the combustion residue through a scanning electron microscope, and studied the qualitative relationship between the shape of these particles and the temperatures to which they were subjected. Xu et al. [4] divided the process of heavy oil droplet combustion into four steps: ignition delay, flame lifetime, coke glowing delay, and coke ember time. Using the mixed oil of mixed heavy oil residue (HOR) and diesel light oil (LO), they further analyzed their composition characteristics in terms of oil composition and combustion conditions. They found that increasing the temperature of the combustion chamber significantly reduced the ignition delay and the coke luminescence delay, but hardly changed the flame lifetime. Ambalae et al. [15] used a thermogravimetric analyzer (TGA) to obtain information on the pyrolysis and combustion behavior of crude oil (Neilburg) and its asphaltenes. The study found that asphaltenes contributed the most to coke formation among all saturated, aromatic, resin, and asphaltene fractions. They analyzed the temperature rise of whole oil and asphaltenes and conducted isothermal pyrolysis experiments to determine the temperature at which coke formation was maximized. In addition, they obtained isothermal combustion curves of coke derived from whole oil and asphaltenes. Atiku et al. [16] explored the mechanism of forming fine particulate soot and cenospheres and studied the chemical structure of petroleum asphaltenes through pyrolysis technology. Jameel et al. [17] used non-isothermal thermogravimetric analysis (TGA) and Fourier transform infrared (FTIR) spectrometers to study the pyrolysis and combustion of heavy oil in nitrogen and air, respectively, and deeply understood the three stages of heavy oil combustion.



Some work has been conducted on the influences of oil compositions on HFO burning. The effect of oil composition on HFO burning was studied by changing asphaltene content [5,18,19], sulfur [6,20], metal (vanadium) [21], viscosity [22,23], and fuel nitrogen [24]. The viscosity of HFO largely depends on the volume fraction, chemical structure, and physicochemical properties of its asphaltenes. Asphaltenes are the most polar and heaviest components in HFO [25]. Fakher et al. [26] explained the main components of crude oil and its relationship with asphaltenes and the methods for quantifying asphaltenes in crude oils, showing more discussed models for asphaltene modeling, and mentioned the chemistry used to characterize and study asphaltene analysis methods. In addition, they also introduced the methods by which asphaltenes destroy oil recovery. The structure of asphaltenes was studied through atomic force microscopy with atomic resolution imaging and scanning tunnelling microscopy with molecular orbital imaging to study more than 100 asphaltene molecules [27]. Peng et al. [28] conducted experimental and theoretical studies on the specific effects of asphaltene content on the viscosity of heavy oil at different temperatures. They determined four important parameters to characterize the reconstituted heavy oil samples: solvation constant, shape factor, intrinsic viscosity, and maximum filling volume fraction. The study showed, through the results of nonlinear regression, that the state of asphaltene particles in heavy oil changed with the change of asphaltene content and temperature, and this change greatly influenced the viscosity of heavy oil. Bartle [29] showed that asphaltene reduced the ignition delay time of heavy oil but did not affect the burning time of fuel droplets. The reduction in ignition delay was attributed to the volatiles produced by the pyrolysis of asphaltenes.



The current work is dedicated to showing how blending asphaltene influences the combustion of heavy fuel oil. The emission characteristics (gaseous emissions and particulate matter) of different asphaltene constituent oils were tested in the swirling flame burning system, while the inspected parameters were mainly about coking characteristics. This research used measurements to analyze blending fuel characteristics, combustion performance, and pollution, considered necessary for future energy supplies using diversified fuels. In this research, fuel samples with five different HFO blending fuels with asphaltene mass fractions of 4%, 6%, 8%, 16%, and 24% were compared in swirling flame experiments. Pure HFO containing 8% (by mass) asphaltenes was used as a basis for comparison. Low asphaltene content fuel oils were prepared by blending HFO with diesel light oil, and extra asphaltene was added to the HFO to produce high asphaltene oils. This work also intends to illustrate how the mixing of asphaltenes affects the emissions of HFO combustion.




2. Methodology and Fuel Characterization


In general, the burning behavior of different HFOs could lead to the economic development of energy systems with a wide range of fuel adaptability. Heavy crude oil’s chemical and physical properties change dramatically from one reservoir to another. Nevertheless, it is currently impossible to test all available HFO samples. In this regard, we recommend that any heavy oil is essentially a mixture of heavy oil, asphaltene, and light oil (diesel). Then, the critical oil characteristics, such as viscosity, density, volatility, asphaltene, and sulfur content, can be adjusted by changing the HFO asphaltene and diesel oil ratio, which determines the combustion characteristics of the oils. In this study, five different HFO samples were prepared by blending HFO with diesel and pure asphaltenes, with asphaltene mass fractions of 4%, 6%, 8%, 16%, and 24%, respectively, given in Table 1. Mixing HFO changes the oil components so that the influence of asphaltene can be thoroughly analyzed. Therefore, this constitutes the main objective of the study. The original HFO sample used in this work featured 8% asphaltene in mass by the test standard IP 143, which was collected from the Shoaiba power plant in Saudi Arabia, and detailed information about these HFO properties can be found in Ref. [30].



As shown in Table 2, pure asphaltene was Chinese Standard No. 90 asphaltene, the properties of which are similar to those extracted from HFO [20], and was applied to blending fuel to ensure high asphaltene contents of 16% and 24%. The light oil used was a commercially available diesel to produce low asphaltene content fuels of 4% and 6%. In Figure 1, the asphaltene looked like pitch or soft bitumen at 27 °C, but it became of low liquidity when the temperature rose to 67 °C [4]. Asphaltenes are a class of hydrocarbons with heteroatoms (such as S, N, and O), only defined by their precipitation in nonpolar solvents (such as pentane, hexane, or heptane). Typical asphaltenes include: (a) aromatic rings with alkyl chains up to C30, (b) Sulfur in the benzothiophene ring, (c) Nitrogen in Pyrrole and Pyridine, (d) Porphyrin compounded with vanadium, nickel, and nitrogen-containing pyrrole, (e) Ketones, carboxylic acids, phenols [31].



Fuel viscosity is critical to fuel spray characteristics and further affects the combustion performance. Viscosity is a measurement of the internal flow resistance of a fluid when it is being deformed. A better understanding of the origin of the high viscosity of heavy oil can help greatly in finding more effective and economical methods to recover heavy oil and reduce the related capital and operating costs. Given this fact, after each blended heavy oil sample was prepared, the viscosity of the fuel was determined by an electromagnetically spinning viscometer (EMS-1000, KEM Kyoto Electronic Manufacturing Co., Ltd., Kyoto, Japan), shown in Figure 2a,b. The viscosity measurement for the fuel sample was carried out three times, and the average value of the three measured viscosity data was noted. The measurement repeatability accuracy (RSD) was 3%. In Figure 2a, the results showed that when the tested temperature ranged from 20.0 °C to 200 °C and the asphaltene fraction ranged from 4 to 24% (wt.%), the heavy oil sample behaved as a Newtonian fluid and its measured viscosity varied in a vast range of 2–568 mPa.s. The viscosities for the five samples decreased exponentially with increasing temperature. In Figure 2a, asphaltene content in heavy oil played a decisive role at high viscosities, especially at low temperatures. Notably, as shown in Figure 2b, for the viscosity of HFOs at 50 °C, the viscosity of fuel oil with 24% asphaltene content was equal to 568 mPa.s, while the viscosity of fuel oil with 4% asphaltene content was only 12 mPa.s at the same temperature, which was almost an order of magnitude lower than that of heavy fuel oil with more than 8% asphaltenes. At a high asphaltene content, the stably attractive interaction between asphaltene particles led to a sharp increase in the viscosity of heavy oil. An increased asphaltene content accompanied the higher viscosity due to the long-range hydrodynamic interactions between maltenes and asphaltene matter [28]. Physically speaking, if solid particles or droplets are so densely dispersed and packed that there is no free space for them to move, the viscosity of the colloidal dispersion is close to infinity [23].



The viscosity of heavy oil can be significantly reduced at higher temperatures, especially at high asphaltene contents, as the interparticle interactions among the dispersed asphaltene particles become weak. At a high-temperature range of 150 °C in Figure 2b, the viscosities for the five fuel oils were insensitive to the asphaltene content, as the fuel viscosity came to be relatively low above 100 °C. Since the distance between the asphaltene particles was large enough, the interaction between them could be neglected under relatively high-temperature conditions. In conclusion, asphaltene content determined the high viscosity of heavy oil [25], and these detailed nonlinear reduction results showed that the state of the asphaltene particles in the heavy oil changed with the asphaltene content and temperature, and this change in the state had a significant influence on the viscosity of the heavy oil.



The density of various asphaltene contents heavy oil samples was measured by an electronic density meter (JN-300S/E, Shanghai Jenner Industrial Co., Ltd., Shanghai, China) with a temperature range of 25 °C to 100 °C, as shown in Figure 3. The density of fuel with a high asphaltene content was higher than that for the combination of HFO and light oil. Asphaltenes are polar molecules. Due to their polar properties, they can be used as surfactants to stabilize the interface between the oil molecules in the fuel. Therefore, asphaltenes may result in higher density by tightening the mixture. Under each viscosity, the density basically decreased linearly with the increase of temperature, without a sudden drop process like that of the viscosity. The rate and trend of density decline were essentially constant. For example, as the temperature increased from 25 °C to 100 °C, the density decreased by 7.2% in 4% asphaltene oil and by 7.3% in 24% asphaltene oil. However, as shown in Figure 3b, the density trend was not linear with the variation in asphaltene content. As the asphaltene content increased, the increase in density gradually became slow. For example, the density increased by 8.2% from 4% to 8% asphaltene content fuel, while it only increased by 2% from 8–24% asphaltene cotent fuel at 100 °C.



The heating values (gross calorific values) of HFO are reported in Table 1 and were quantified by a Parr Instrument 6400 Automatic Isoperibol calorimeter. The heating values of the HFO samples decreased with increasing asphaltene content, due to the high heating value of light oil (diesel 46 MJ/kg). The highest value was up to 45.7 MJ/kg for the 4% asphaltene fuel, but no predictable linear trend was experienced. The heating value decreased by nearly 8% from 4% to 24% asphaltene fuels. There was a shape decrease trend occurring from 4% to 8% asphaltene fuels with a 6.8% reduction in the heating value, while there was only a 1.2% decrease in the heating values as the fuel asphaltene content increased from 8% to 24%. Notably, regarding the volumetric caloric value, the 24% fuel sample had the highest value of 41,915 MJ/m3, due to the high-density characteristic of asphaltene.



In Figure 4, the thermogravimetric (TG) and differential thermogravimetric (DTG) curves of five heavy fuel oils under nitrogen and air atmospheres were measured using a Netzsch TG 209 F1Iris thermogravimetric analyzer, with a temperature rise rate of 5 °C/min. In the nitrogen atmosphere, the pyrolysis of HFO is a complex process involving many parallel reactions that coincide, due to the fuel’s highly distributed and multicomponent nature. As the fuel is heated, it undergoes devolatilization, including evaporation, distillation, and visbreaking. Due to the absence of oxygen, the HFO molecules decompose and release different hydrocarbon species at different temperatures. As the temperature increases, the rate of mass loss increases, and initially low boiling volatiles are given off, which results in the first peak at approximately 120 °C [17].



The low asphaltene content case of 4% had the highest mass loss rate in the first peak of DTG due to the fuel blended with the light fuel of diesel, in which the rate of light components was much higher than that in pure HFO. The high asphaltene content case of 24% needed a higher temperature to reach the peak of DTG accompanying the lowest mass loss rate in the first peak. With a further increase in temperature up to 250 °C, the rate of mass loss briefly decreased because the bulk of the low boiling volatiles were depleted. There is a second steep increase peaking at 425 °C, due to the release of high boiling volatiles. The high asphaltene cases of 8% and 24% had the same higher mass loss in this peak. Beyond 500 °C, no further apparent mass loss from the fuel was observed. However, the high asphaltene case of 24% had the highest mass left, due to the effect of asphaltene and the high rate of metal compositions in asphaltene. Clearly, the carbon residues were also consistent with the changing trend of asphaltene content. This meant that asphaltene was the origin for carbon formation; thus, the quantity of carbons formed increased with increasing asphaltene content in the oil blend. This result further indicated that the formation of cenospheres was caused by asphaltene during HFO combustion.



In addition, the thermogravimetric (TGA) level in the air condition also corresponded to the asphaltene content in the fuel, shown in Figure 4b. Before the droplet was ignited, the volatiles evaporated considerably. In Figure 4b, under air condition, two peaks were induced by the combustion of low boiling point volatiles and high boiling point matter. These profiles corresponded to those in N2 with similar temperature regions at approximately 120 °C and 450 °C. It was proven that the fuel components defined the combustion process of HFO in air. The burning of HFO included both the combustion of flammable volatiles and the burn-up of cenospheres and coke residue. Thus, there was no residue after 500 °C in Figure 4b at the end of the test. The typical classified three reaction stages can be identified, in Figure 4b, as LTO (low-temperature oxidation), FD (fuel deposition), and HTO (high-temperature oxidation) [5,32]. As to the pure HFO (8% asphaltene) case, LTO occurred at temperatures below 390 °C with three main processes. Below about 250 °C, the main gaseous products were hydrocarbons with saturated and unsaturated C–H bonds, ascribed to the evaporation of low-boiling point hydrocarbons. Below about 340 °C, oxygen addition reactions occurred with alkyl radicals to generate hydroperoxides; In the temperature range of 340 to 390 °C, the formation of hydroperoxide continued, and the decomposition and isomerization reactions of the hydroperoxides were the dominating reactions releasing carbonyl group, H2O, CO2, and CO. In FD between 390 and 460 °C, oxygen-containing compounds produced during the LTO were consumed to produce coke and through cracking or pyrolysis reactions. In HTO, at above 460 °C, the combustion of the coke and solid residues formed in FD process was the dominating reaction. The organic matter was completely oxidized, producing water and carbon oxides along with a production of sulfur and nitrogen oxides depending on the composition of the fuel.



Due to the specific characteristics of asphaltene, heavy fuel oil requires more time and heat to be sufficiently combusted than light distillate oils, such as diesel. Therefore, a swirling flame combustion system was applied to produce a turbulent jet diffusion flame with high vortex stability to burn fuel efficiently [33], shown in Figure 5. The current burner configuration involved relatively simple geometry but replicated many of the fundamental swirling flame behaviors of real gas turbine combustors and boilers.



The swirling flow was generated by a swirl generator with air entering tangentially and axially to cause a swirling air injection, which is referred to the burner of Driscoll [34,35]. The nozzle of Siphon (P/N 30609-2) was used to produce a spray specially designed for viscous liquids. An R-type thermocouple (Pt/13%RhPt, Omega Engineering P13R-010) rake was controlled by a linear translation to measure the radial flame temperature distribution. For more detailed information about this experimental system, please refer to our previous work in Refs. [30,36,37]. In Table 3, the experimental conditions for the five different fuel samples were kept constant and provided with a swirling number of 19.2 calculated by Equation (1):


   S g  =   (  D a  −  D t  )  D a    2  D t 2       (     Q t     Q t  +  Q a     )   2   



(1)







The axial and tangential air inlets were applied to control the swirl number. The axial air stream entered through the bottom of the plenum, and its flow rate was Qa with diameter as Da. The four tangential air inlets were oriented to the burner tube to impart the swirling momentum with the flow rate represented as Qt and diameter of Dt. This condition was selected based on the optimization work of the HFO combustion performance evaluation in various swirling flows. We tested the performance of the HFO combustion, under various swirling flame conditions, for different global equivalence ratios, swirling numbers, tangent, and axial airflow rates [37].




3. Results and Discussion


The in-flame temperature distribution of the centerline of the flame of the experiments is given in Figure 6. The uncertainties are given as the standard deviation of the flame temperature profiles. The low asphaltene content case of 4% had the highest temperature distribution, ascribed to complete combustion performance due to the fine spray characteristic (low viscosity and density) and high rate of the light components (in Figure 4) of the fuel. In addition, the heating value of diesel (46 MJ/kg) was slightly higher than that of pure HFO (42.4 MJ/kg). The high H level in 4% asphaltene content in Table 1 also increased the temperature. The fuels with 6% and 8% asphaltene contents exhibited almost the same level of temperature profiles, due to the similar fuel properties introduced in the fuel characteristics investigation above, in Table 2. The fuel sample with 16% asphaltene was in the state between 8% and 24% asphaltene conditions, which could be regarded as the critical condition for sufficient combustion. The results of the gaseous and solid particle emission in the next sections further confirmed that the 16% asphaltene was a critical value for the acceptable concertation of high asphaltene fuel combustion in the range of asphaltene contents in this study.



The 24% asphaltene fuel oil had an obviously low-temperature distribution in comparison to the other cases. Asphaltene is the main factor that induces incomplete combustion. In the observation of the experiment of 24% asphaltene HFO, the fuel was very difficult to combust, and the flame was very unstable during the experiment, which meant that the heat could not accumulate well. The incomplete combustion of the high asphaltene experiment could be ascribed to the following factors: (a) The density of the asphaltene was higher than that of pure HFO, and the density of the high asphaltene fuel was higher than that of pure HFO. In our experiment, the flow rates were constant in volume at 15 mL/min, and more fuel entered the burner in the high asphaltene case, which brought about changes in the global equivalence ratio, approaching the fuel-rich condition. (b) The high viscosity of 24% asphaltene fuel inducing low-quality spray flow also made the combustion incomplete. (c) According to the results from our previous investigation on suspended droplet experiments, the ignition delay time of high asphaltene content was higher than that of low asphaltene fuel under the same droplet size [5]. Therefore, the high asphaltene fuel droplets needed more time to be combusted.



In Figure 6a, before the droplet was ignited, the volatiles in the fuel needed to evaporate first by absorbing a large amount of heat. These factors resulted in the relatively low temperature location in the root of the flame, especially for the 24% asphaltene case. In Figure 6b, the average measurement flame temperature of fuel oils was subject to a linear relationship with respect to the asphaltene content. This research might point to a viable way to burn these residues by mixing them with low-viscosity and high-volatility fuels. In this case, the burning characteristics of the blending fuels introduced in this work are essential for technology development.



The flue gas emissions of the five different asphaltene content swirling flame experiments are given in Figure 7. When a stable HFO swirl flame was obtained, a gas analyzer (TESTO 350) was used to measure the gaseous emissions of CO, SO2, NOx, O2 and CO2 from the top of the furnace in the overfire area, a method which has been widely applied to the studies of pollutants measurement of combustion devices [38,39,40]. Each component’s gas emission measurement result was averaged from the data within 10 min and normalized to 15% oxygen applying Equation (2) to eliminate the influence of the dilution air as:


C[@15%O2] = Cm (20.9 − 15)/(20.9 − O2%)



(2)




where C[@15%O2] was the calculated concertation eliminating the dilution air effect, Cm was the gaseous pollution measurement content [41]. The detailed measurement method description, validation and uncertainties can be found in our previous work [30,37]. HFO is characterized by a high asphaltene content (approximately 8% by mass), which leads to incomplete combustion. Asphaltenes are also responsible for the high metal content of fuels because of the presence of embedded heteroatoms. In Figure 7a, the general trend of the CO and CO2 profiles rose with increasing asphaltene content. The Modified Combustion Efficiency (MCE) was also calculated by CO2/(CO + CO2) to determine the combustion efficiency at different asphaltene concentrations. The 24% asphaltene case had a high level of oxygen (up to 13%) left which proved the incomplete combustion of high asphaltene content experiment compared to the low asphaltene cases, which also resulted in the high-level emission of CO. The CO emissions of 4% and 6% asphaltene case were higher than that of the 8% asphaltene case, due to the higher carbon concentration in the 4% asphaltene fuel sample, as shown in Table 1.



NOx refers to oxides of nitrogen and can induce smog formation, acid rain, and ozone depletion in the upper atmosphere. In Figure 7b, the trend of NOx decreased with the increase in asphaltene content in the fuel, due to the declined average temperature profiles, in Figure 6a, having a suppression effect on the combustion temperature of high asphaltene fuel. The formation of NOx can be classified into three mechanisms: thermal, prompt, and fuel thermal. Thermal NOx is the dominant mechanism in combustion processes above 1100 °C, which is common in most high-temperature heating applications [42]. In Figure 6b, the average flame temperature of low-asphaltene heavy oil (4%, 6%, 8%) combustion was above 1100 °C, and its maximum temperature could reach 1125 °C, while the average temperatures of the other two cases were below 1100 °C. Prompt NOx usually predominates in fuel-rich conditions formed by relatively fast reactions between nitrogen, oxygen, and hydrocarbon radicals. In our experimental study, the global equivalence ratio of pure HFO (8% asphaltenes) was 0.91. Therefore, the combustion of low-asphaltene fuels (4% and 6%) occurred under fuel-lean conditions, while the combustion of high-asphaltene fuels was under fuel-rich conditions. Fuel NOx comes from the direct oxidation reaction of organic-nitrogen compounds in the fuel. HFO contains a large amount of bound nitrogen that increased as the asphaltene content increased, as shown in Table 1, with the maximum value up to 0.431% in mass for the 24% case. The conversion of fuel-bound nitrogen to NOx was between 15% and 100%. In general, the higher the conversion efficiency is, the lower the nitrogen content in the fuel. Therefore, in this study, the mechanism of NOx formation varied with the fuel asphaltene content. This was the reason for the high level of NOx emissions from 6% and 8% asphaltene fuel combustion.



In Figure 7b, the trend of SO2 slightly increased with increasing asphaltene content in the fuel. Additionally, SOx reactions may inhibit fuel NOx formation. The low SO2 emission in the 4% asphaltene experiment was caused by the low concentration of sulfur in the fuel sample, as shown in Table 1. The incomplete combustion of high asphaltene fuel of 24% was the reason for the low SO2 emission of the fuel, which also showed that some residual fuel attached to the filter, as shown in Figure 8e. Sulfur oxide emission is a critical problem with HFO combustion. The primary source of SOx comes from HFOs that contain the highest sulfur, with 3.36% in 24% asphaltene fuel, as shown in Table 1. Notably, in the five oil samples, the sulfur content in the fuel increased nonlinearly with the increase in asphaltenes. The sulfur content decreased significantly after adding light oil, but by adding pure asphaltene, the effect of increasing sulfur content was not pronounced, which indicated that the source of sulfur in the heavy fuel oil was not all asphaltene. Sulfur dioxide (SO2) tends to be the preferential product at higher temperatures, while sulfur trioxide (SO3) is more likely to form at lower temperatures. Since most combustion processes are at high temperatures, SO2 is the most common form of SOx emitted from systems containing sulfur. According to the sulfur balance calculation, most sulfur comes to flue gas emissions forming SO2 and SO3, and the remaining sulfur goes into the PM.



A comparison of the morphologies of five asphaltene samples is provided in Figure 8. The cenospheres were obviously distinguished in the SEM measurement results. The general characteristics of burning heavy oil droplets can be clearly identified, such as micro-explosions, the formation of smoke and coke, and coke residue smoldering. Note that combustion in the solid phase is actually carried out without flame generation [4]. For coke formation, the cenosphere is where the evolution of volatile substances abruptly ends, and the droplets collapse to form hard carbonaceous residues. Oils with 6%, 8%, and 16% asphaltene morphology showed minimal shrinkage and formed large thin-walled coke shells, similar in size to the original spray droplets.



In general, compared to the 8% asphaltene sample, the 4% asphaltene sample had an accumulation distribution that was more powdery and more small particles but fewer cenospheres, which could be ascribed to the small spray droplet size, fine spray, and good combustion performance. In Figure 8e, the SEM result of 24% asphaltene illustrated the incomplete combustion of the high asphaltene experiment in which the cenosphere and filter fiber were all covered by unburned fuel. The relatively long ignition delay time of the high asphaltene sample made the fuel absorb heat and vapor but not combust, and further attached to the filter due to the cooling device above the filter.



The averaged sizes of solid particles collected from the filter of the four experiments measured by the Zetasizer Nano ZS90 are compared in Figure 9, except for the 24% one because the particles of 24% fuel were all stuck on the filter and were hard to collect. Based on the morphology of the 24% sample, we could not ascribe the increase in the deposition rate in the particle emissions because a lot of fuel attached to the filter. For this reason, we could not scrape the solid deposition on the filter from the sample of 24% asphaltene content fuel, and it was also impossible to analyze the composition by ICP/ODS. The average size of the particle increased with the increase in the asphaltene content of fuel, due to a strong correspondence between the spray droplet size and the diameter of the cenosphere [30]. The size of 16% asphaltene fuel was nearly 23 times larger than that of the 4% asphaltene case. The deposition rates are given in Figure 10. The low asphaltene experiment of 4% had the lowest deposition rate, which could be ascribed to fine combustion and the low metal compositions of a low level in the 4% asphaltene fuel sample.



The components of solid particle emissions from the representative cases of 4%, 8%, and 16% asphaltene experiments are compared in Table 4. The sulfur content in solid particulates increased with increasing asphaltene content in the fuel. The high level of metal components in the solid particle emissions corresponded to the composition of pure asphaltene. High levels of sulfur and vanadium induced cold corrosion and hot corrosion for burners, which are unacceptable for fuel applications. Thus, asphaltene caused the formation of cenospheres. The TG diagrams of the blended oil combustion particles are compared in Figure 11. Unlike the TGA results of the fuel in air, the TG results of the particles after combustion were similar, indicating fine combustion performance with these three asphaltene fuels.




4. Conclusions


This study introduces an experimental study on the specific effects of asphaltene content on the fuel properties and swirling flame combustion performance of heavy oil fuels under five different asphaltene contents of 4%, 6%, 8%, 16%, and 24%. The analysis of the properties of fuel samples with various asphaltene contents, including composition, density, viscosity, heating value, and TG analysis, showed the importance of all fuel properties that must be considered prior to implementation and combustion. The asphaltene content determines the high viscosity of heavy oil. The viscosity of heavy oil can be significantly reduced at higher temperatures, especially at high asphaltene contents, as the interparticle interactions among the dispersed asphaltene particles become weaker. The nonlinear viscosity reduction result revealed that the state of the asphaltene particles in the heavy oil varies with asphaltene concentration and temperature, and this change in state has a significant impact on the viscosity of the heavy oil. Since blended light oil has a high heating value, the heating values of the HFO samples drop as the asphaltene percentage increases. The TGA and morphological studies showed that asphaltene is vital for cenosphere formation during HFO combustion. The reduction in asphaltene percentage in HFO enhances spray characteristics and combustion performance, as well as lowers particle emissions, including those of sulfur and metal components, such as vanadium, avoiding hot and cold corrosion on the burner’s surface. The mechanism of NOx formation varies with the fuel asphaltene content, due to the different combustion performances. The 4% asphaltene sample had an accumulation distribution that was more powdery and more tiny particles but less cenospheres than the 8% asphaltene sample, attributed to the small spray droplet size, fine spray, and efficient combustion. The high amount of metal components in solid particle emissions corresponds to pure asphaltene compositions. As a result, asphaltene contributes to the formation of cenospheres. In general, the combustion emissions of various asphaltene fuels are summarized by investigating the impact of asphaltenes on the fuel properties and burning behavior of HFO blends. The research may indicate a potential method of burning HFO by combining it with low-viscosity and high-volatility fuels. In this instance, the combustion properties of the blending fuels proposed in this study are critical for technological advancement, and the further achieving of low carbon emission targets.







Author Contributions


Conceptualization, X.P. and W.L.R.; methodology, X.P. and H.T.; formal analysis, X.P.; investigation, X.P.; writing—review and editing, X.P. and H.T.; funding acquisition, X.P. and W.L.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (grant number 52006122) and National Science and Technology Major Project (grant number 2019-III-0014-0058).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The research was in collaboration with the Clean Combustion Research Center (CCRC) at King Abdullah University of Science and Technology (KAUST).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Czernik, S.; Bridgwater, A.V. Overview of Applications of Biomass Fast Pyrolysis Oil. Energy Fuels 2004, 18, 590–598. [Google Scholar] [CrossRef]

	



Ilyin, S.; Arinina, M.; Polyakova, M.; Bondarenko, G.; Konstantinov, I.; Kulichikhin, V.; Malkin, A. Asphaltenes in heavy crude oil: Designation, precipitation, solutions, and effects on viscosity. J. Pet. Sci. Eng. 2016, 147, 211–217. [Google Scholar] [CrossRef]

	



Pereira, T.M.C.; Vanini, G.; Oliveira, E.C.S.; Cardoso, F.M.R.; Fleming, F.P.; Neto, A.C.; Lacerda, V.; Castro, E.V.R.; Vaz, B.G.; Romão, W. An evaluation of the aromaticity of asphaltenes using atmospheric pressure photoionization Fourier transform ion cyclotron resonance mass spectrometry—APPI(±)FT-ICR MS. Fuel 2014, 118, 348–357. [Google Scholar] [CrossRef]

	



Xu, G.; Ikegami, M.; Honma, S.; Ikeda, K.; Nagaishi, H.; Takeshita, Y. Burning droplets of heavy oil residual blended with diesel light oil: Characterization of burning steps. Combust. Sci. Technol. 2002, 174, 115–145. [Google Scholar] [CrossRef]

	



Khateeb, A.; Elbaz, A.M.; Guida, P.; Roberts, W.L. Influence of asphaltene concentration on the combustion of a heavy fuel oil droplet. Energy Fuels 2018, 32, 12981–12991. [Google Scholar] [CrossRef]

	



Villasenor, R.; Garcia, F. An experimental study of the effects of asphaltenes on heavy fuel oil droplet combustion. Fuel 1999, 78, 933–944. [Google Scholar] [CrossRef]

	



Elbaz, A.M.; Roberts, W.L. PM from the combustion of heavy fuel oils. Energy 2018, 152, 455–465. [Google Scholar] [CrossRef]

	



Marrone, N.J.; Kennedy, I.M.; Dryer, F.L. Coke formation in the combustion of isolated heavy oil droplets. Combust. Sci. Technol. 1984, 36, 149–170. [Google Scholar] [CrossRef]

	



Jiang, L.; Elbaz, A.M.; Guida, P.; Al-Noman, S.M.; AlGhamdi, I.A.; Saxena, S.; Roberts, W.L. Cenosphere formation during single-droplet combustion of heavy fuel oil. Energy Fuels 2019, 33, 1570–1581. [Google Scholar] [CrossRef]

	



Moszkowicz, P.; Witzel, L.; Claus, G. Modelling of very fast pyrolysis of heavy fuel oil droplets. Chem. Eng. Sci. 1996, 51, 4075–4086. [Google Scholar] [CrossRef]

	



Azimi, A.; Arabkhalaj, A.; Markadeh, R.S.; Ghassemi, H. Fully transient modeling of the heavy fuel oil droplets evaporation. Fuel 2018, 230, 52–63. [Google Scholar] [CrossRef]

	



Fostiropoulos, S.; Strotos, G.; Nikolopoulos, N.; Gavaises, M. Numerical investigation of heavy fuel oil droplet breakup enhancement with water emulsions. Fuel 2020, 278, 118381. [Google Scholar] [CrossRef]

	



Garaniya, V.; Goldsworthy, L. Vaporization and pyrolysis modelling of a single droplet of heavy fuel oil using continuous thermodynamics. ANZIAM J. 2007, 49, C116–C138. [Google Scholar] [CrossRef]

	



Kwack, E.; Shakkottai, P.; Massier, P.; Back, L. Morphology of globules and cenospheres in heavy fuel oil burner experiments. J. Eng. Gas Turbines Power 1992, 114, 338–345. [Google Scholar] [CrossRef]

	



Ambalae, A.; Mahinpey, N.; Freitag, N. Thermogravimetric studies on pyrolysis and combustion behavior of a heavy oil and its asphaltenes. Energy Fuels 2006, 20, 560–565. [Google Scholar] [CrossRef]

	



Atiku, F.A.; Bartle, K.D.; Jones, J.M.; Lea-Langton, A.R.; Williams, A. A study of the combustion chemistry of petroleum and bio-fuel oil asphaltenes. Fuel 2016, 182, 517–524. [Google Scholar] [CrossRef]

	



Abdul Jameel, A.G.; Han, Y.; Brignoli, O.; Telalović, S.; Elbaz, A.M.; Im, H.G.; Roberts, W.L.; Sarathy, S.M. Heavy fuel oil pyrolysis and combustion: Kinetics and evolved gases investigated by TGA-FTIR. J. Anal. Appl. Pyrolysis 2017, 127, 183–195. [Google Scholar] [CrossRef]

	



Cunningham, A.T.S.; Gliddon, B.J.; Jackson, P.J.; Jones, A.R.; Lawn, C.J.; Sarjeant, M.; Squires, R.T.; Street, P.J. The esso energy award lecture, 1988—Improvements in the combustion of heavy fuel oils. Proc. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 1989, 423, 233–265. [Google Scholar]

	



Urban, D.L.; Huey, S.; Dryer, F.L. Evaluation of the coke formation potential of residual fuel oils. Symp. Combust. 1992, 24, 1357–1364. [Google Scholar] [CrossRef]

	



Goldstein, H.L.; Siegmund, C.W. Influence of heavy fuel oil composition and boiler combustion conditions on particulate emissions. Environ. Sci. Technol. 1976, 10, 1109–1114. [Google Scholar] [CrossRef]

	



Geoffrey, C.; Allen, W.H.; Hocking, D.G.; Watson, R.; Wild, P.J. Street, Surface studies of coke particles from residual fuel oil combustion. J. Inst. Energy 1984, 57, 260–265. [Google Scholar]

	



Walsh, P.M.; Olen, K.R. Emission of unburned coke from combustion of residual fuel-oil in wall-fired electric utility boilers. J. Inst. Energy 1993, 66, 140–146. [Google Scholar]

	



Gu, Y. Effects of asphaltene content on the heavy oil viscosity at different temperatures. Fuel 2007, 86, 1069–1078. [Google Scholar]

	



Munro, A.; Westlake, D.; Lewis, A. The conservative use of liquid fuel. J. Inst. Fuel 1978, 51, 10–19. [Google Scholar]

	



Sheu, E.Y.; Mullins, O.C. Asphaltenes: Fundamentals and Applications; Springer: Berlin, Germany, 1995. [Google Scholar]

	



Fakher, S.; Ahdaya, M.; Elturki, M.; Imqam, A. Critical review of asphaltene properties and factors impacting its stability in crude oil. J. Pet. Explor. Prod. Technol. 2020, 10, 1183–1200. [Google Scholar] [CrossRef]

	



Schuler, B.; Meyer, G.; Pena, D.; Mullins, O.C.; Gross, L. Unraveling the molecular structures of asphaltenes by atomic force microscopy. J. Am. Chem. Soc. 2015, 137, 9870–9876. [Google Scholar] [CrossRef] [PubMed]

	



Peng, L.; Gu, Y. Effects of asphaltene content and solvent concentration on heavy oil viscosity. In Proceedings of the SPE International Thermal Operations & Heavy Oil Symposium, Calgary, AB, Canada, 1–3 November 2005. [Google Scholar]

	



Bartle, K.; Jones, J.; Lea-Langton, A.; Pourkashanian, M.; Ross, A.; Thillaimuthu, J.; Waller, P.; Williams, A. The combustion of droplets of high-asphaltene heavy oils. Fuel 2013, 103, 835–842. [Google Scholar] [CrossRef]

	



Pei, X.; Guida, P.; AlAhmadi, K.M.; Al Ghamdi, I.A.; Saxena, S.; Roberts, W.L. Cenosphere formation of heavy fuel oil/water emulsion combustion in a swirling flame. Fuel Process. Technol. 2021, 216, 106800. [Google Scholar] [CrossRef]

	



Zheng, F.; Shi, Q.; Vallverdu, G.S.; Giusti, P.; Bouyssiere, B. Fractionation and characterization of petroleum asphaltene: Focus on metalopetroleomics. Processes 2020, 8, 1504. [Google Scholar] [CrossRef]

	



Yuan, C.; Emelianov, D.A.; Varfolomeev, M.A.; Rodionov, N.O.; Suwaid, M.A.; Vakhitov, I.R. Mechanistic and kinetic insight into catalytic oxidation process of heavy oil in in-situ combustion process using copper (II) stearate as oil soluble catalyst. Fuel 2021, 284, 118981. [Google Scholar] [CrossRef]

	



Bohon, M.D. Experimental and Kinetic Investigation of the Influence of OH Groups on NOx Formation. Ph.D. Thesis, King Abdullah University of Science and Technology, Thuwal, Saudi Arabia, 2016. [Google Scholar]

	



Feikema, D.; Chen, R.-H.; Driscoll, J.F. Enhancement of flame blowout limits by the use of swirl. Combust. Flame 1990, 80, 183–195. [Google Scholar] [CrossRef]

	



Chen, R.-H.; Driscoll, J.F.; Kelly, J.; Namazian, M.; Schefer, R. A comparison of bluff-body and swirl-stabilized flames. Combust. Sci. Technol. 1990, 71, 197–217. [Google Scholar] [CrossRef]

	



Pei, X.; Jameel, A.G.A.; Chen, C.; Alghamdi, I.A.; Roberts, W.L. Swirling flame combustion of heavy fuel oil: Effect of fuel sulfur content. J. Energy Resour. Technol. 2021, 143, 082103. [Google Scholar] [CrossRef]

	



Pei, X.; Elbaz, A.M.; Jiang, L.; AlAhmadi, K.M.; Saxena, S.; Roberts, W.L. Heavy fuel oil combustion characteristics evaluation in various swirling flow conditions. J. Eng. Gas Turbines Power-Trans. ASME 2021, 143, 071012. [Google Scholar] [CrossRef]

	



Ardebili, S.M.S.; Kocakulak, T.; Aytav, E.; Calam, A. Investigation of the effect of JP-8 fuel and biodiesel fuel mixture on engine performance and emissions by experimental and statistical methods. Energy 2022, 254, 124155. [Google Scholar] [CrossRef]

	



Ithnin, A.M.; Ahmad, M.A.; Bakar, M.A.A.; Rajoo, S.; Yahya, W.J. Combustion performance and emission analysis of diesel engine fuelled with water-in-diesel emulsion fuel made from low-grade diesel fuel. Energy Convers. Manag. 2015, 90, 375–382. [Google Scholar] [CrossRef]

	



Yang, N.; Deng, X.; Liu, B.; Li, L.; Li, Y.; Li, P.; Tang, M.; Wu, L. Combustion performance and emission characteristics of marine engine burning with different biodiesel. Energies 2022, 15, 5177. [Google Scholar] [CrossRef]

	



Baukal, C.E., Jr. The John Zink Hamworthy Combustion Handbook: Volume 1—Fundamentals; CRC Press: Abingdon, UK, 2012. [Google Scholar]

	



Hoda, S.N.; Nassab, S.A.G.; Ebrahim, J.J. Three dimensional numerical simulation of combustion and heat transfer in porous radiant burners. Int. J. Therm. Sci. 2019, 145, 106024. [Google Scholar] [CrossRef]








[image: Energies 15 06156 g001 550] 





Figure 1. Asphaltene from heavy fuel oil and the morphology (a) Asphaltene from heavy fuel oil, (b) Surface of asphaltene, (c) Cross-section of asphaltene. 
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Figure 2. Viscosity distribution of different asphaltene contents of HFO with temperature. (a) With temperature variation. (b) Viscosity under 50 °C. 
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Figure 3. Density distribution of HFO with different asphaltene contents with temperature variation. (a) Density with asphaltene content variation. (b) Density with temperature variation. 
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Figure 4. TGA and DTG distribution of HFO with different asphaltene contents. (a) N2 atmosphere. (b) Air atmosphere. 
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Figure 5. Experimental apparatus. 
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Figure 6. In-flame temperature measurements on the centerline of the flame. (a) Center flame temperature profiles. (b) Average flame temperature. 
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Figure 7. Gaseous emissions of fuel combustion with different asphaltene contents (a) CO and CO2. (b) NOx and SO2. 
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Figure 8. Morphology of the solid particle emissions from fuel combustion with various asphaltene contents. (a) 4% asphaltene HFO. (b) 6% asphaltene HFO. (c) 8% asphaltene HFO. (d) 16% asphaltene HFO. (e) 24% asphaltene HFO. 
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Figure 9. Average size of the solid particle emission. 
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Figure 10. Comparison of the deposition rate of HFO with different asphaltene contents. 
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Figure 11. TGA and DTG distribution of solid particle emissions. 
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Table 1. Properties of the fuel samples used in this study.
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Fuel Oil Net Asphaltenes (Mass %)

	
Composition (Mass %)

	
Gross Calorific Value (MJ/kg)

	
H/C Ratio (in Mole)




	
Article

	
Article

	
Article






	
4

	
50

	
50

	
0

	
45.7

	
1.68




	
6

	
75

	
25

	
0

	
43.4

	
1.61




	
8

	
100

	
0

	
0

	
42.8

	
1.54




	
16

	
91.3

	
0

	
8.7

	
42.5

	
1.51




	
24

	
82.6

	
0

	
17.4

	
42.3

	
1.47
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Table 2. Element compositions of the fuel samples.
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Asphaltene Content in Fuel Samples




	
Elements

	
Pure Asphaltene Elements

	
Diesel Elements

	
4%

	
6%

	
8%

	
16%

	
24%

	
Unit

	
LOR

	
Test Standard






	
Carbon (C)

	
84.9

	
85

	
85.2

	
85.3

	
85.1

	
84.5

	
85.2

	
Mass%

	
0.1

	
EPA 440.0




	
Hydrogen (H)

	
8.5

	
13

	
12.5

	
11.4

	
10.9

	
10.7

	
10.3

	
Mass%

	
0.1

	
EPA 440.0




	
Sulfur (S)

	
5.0

	
0

	
1.6

	
2.3

	
3.2

	
3.4

	
3.6

	
Mass%

	
0.1

	
ASTM D4294




	
Nitrogen (N)

	
0.6

	
0.2

	
0.2

	
0.4

	
0.4

	
0.4

	
0.4

	
Mass%

	
0.1

	
EPA 440.0




	
Metal

	

	

	

	

	

	

	

	

	

	




	
Vanadium (V)

	
455

	
-

	
20.6

	
39.4

	
34.2

	
74.1

	
82.2

	
mg/kg

	
0.2

	
IP 501–05




	
Nickel (Ni)

	
159

	
-

	
10.3

	
14.4

	
17.8

	
23.7

	
35.1

	
mg/kg

	
0.5

	
IP 501–05




	
Sodium (Na)

	
273

	
-

	
6.5

	
5.1

	
7.4

	
47.5

	
68.3

	
mg/kg

	
2.0

	
IP 501–05




	
Magnesium (Mg)

	
568

	
-

	
6.5

	
<5.0

	
<5.0

	
<5.0

	
46.8

	
mg/kg

	
0.1

	
ASTM D4951
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Table 3. Experimental Conditions.
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Tangent Air

(SLPM)

	
Atomizing Air

(SLPM)

	
Axial Air

(SLPM)

	
HFOs

(mL/min)






	
Flow rate

	
150

	
15

	
5

	
15




	
Temperature (°C)

	
600

	
150

	
300

	
150




	
Swirling Number Sg

	
19.2
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Table 4. Analysis of the compositions of solid particle emissions.
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	Elements
	Units
	4%
	8%
	16%
	LOR
	Test Standard





	Carbon (C)
	Mass%
	77
	81
	80
	0.1
	EPA 440.0



	Sulfur (S)
	Mass%
	2.6
	3.9
	5.4
	0.1
	ASTM D4294



	Nitrogen (N)
	Mass%
	0.8
	0.6
	0.7
	0.1
	EPA 440.0



	Oxygen (O)
	Mass%
	18
	10
	5
	5.0
	EPA 440.0



	Metal Elements
	
	
	
	
	
	



	Vanadium (V)
	mg/kg
	802
	798
	3312
	0.2
	IP 501–05
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