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Abstract

:

The coupled combustion of biomass and organic solid wastes including oil sludge has attracted much attention. Although the optimal mixing ratio of different coal types and biomass has been extensively studied, little attention has been paid to oil sludge that has undergone co-combustion. In this study, the combustion characteristics of blended fuel for coal, biomass and oil sludge under different mixing ratios are studied via a thermogravimetric test and differential thermal analysis. Kinetic analysis of tri-fuel is performed using the Flynn–Wall–Ozawa (FWO) and Dolye methods. The results show that the bituminous coal combustion process mainly involves the combustion of fixed carbon (236.0–382.0 °C). Wood pellet combustion (383.0–610.0 °C) has two processes involving the combustion of compound carbon and fixed carbon. Blending wood pellets effectively enhances combustion efficiency. Wood pellets from Korla (KOL) have the most obvious effect on reducing the ignition temperature. The blending combustion of bituminous coal (SC), wood pellets from Hutubi (HTB) and oil sludge (OS) have significant synergistic effects. As the OS mixing ratio increases from 10% to 20% with 45% HTB, Ti and Th decrease from 354.9 and 514.3 °C to 269.8 and 452.7 °C, respectively. In addition, f(α) is [−ln(1 − α)]2 for tri-fuel in most mixing ratios when α < 0.5, while f(α) becomes [−ln(1 − α)]3 at α > 0.5. At a high-HTB-level mixing ratio, increasing the OS content causes a decrease in activation energy to 35.87 kJ mol−1. The moderate blending of oil sludge improves the pre-finger factor and the combustion performance.
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1. Introduction


The total amount of biomass used is now the fourth largest after coal, oil and natural gas. Biomass has the natural advantage of being a carbon reduction alternative as it is a renewable resource. To lessen CO2 and NOx emissions, coal has been co-fired with biomass in coal-fired boilers [1]. Xinjiang Province has huge biomass reserves, due to its developed cultivation and high vegetation cover. Common biomass in Xinjiang includes cotton stalks, wood and corn stalks. At the same time, the large amount of oil sludge from oil fields is in urgent need of treatment in Xinjiang. Oil sludge is a hazardous waste from petrochemical processes including oil production and refining [2,3]. Globally, oil sludge reserves reached 300 million tones by the end of 2021 [4]. Disposing of oil sludge is difficult due to its complex composition and difficulty in decomposition. Many methods have been proposed for treating oil sludge, such as incineration (direct combustion), extraction, biological treatment and solidification. Direct combustion is an effective method for treating oil sludge, but it produces large quantities of toxic gases and NOx [5,6]. The involvement of coal blending with biomass or oil sludge for carbon reduction can address the above issues [7,8,9]. Blended combustion provides a good way to utilize biomass and oil sludge extensively. Blending can also reduce pollutant emissions (SOx, NOx and soot) [10,11]. In addition, pollutants from oil sludge could be effectively treated using the mature flue gas treatment equipment of boilers [12]. Therefore, blending combustion of coal with biomass or oil sludge has received increasing attention [13,14]. Because of the shortcomings of seasonality and poor dispersion, current biomass utilization in China is still dominated by small-scale direct-fired units with a relatively low efficiency.



Compared to coal, biomass and oil sludge have different compositions and structural characteristics. Before tri-fuel is applied, a precise understanding of the combustion characteristics of coal, biomass and/or oil sludge blending is particularly significant [15]. The blending combustion process of coal with different biomass fuels has been investigated by many researchers [16,17,18]. Wu et al. [18] and Li et al. [17] performed thermogravimetric and kinetic analyses on blended fuel with different mixing ratios. The results indicated that when the mixing ratio was 70% coal:30% corn straw, the highest exergy was obtained. And different degrees of synergistic effects occurred in the blended fuels. Prompubess et al. [16] investigated the effect of mixing ratios of bituminous coal and rice husk in a circulating fluidized bed on the concentration distributions of the gas product along the vertical upward direction of the furnace chamber. Kazagie et al. [19] analyzed the migration pattern of S during biomass blending with coal in a circulating fluidized bed. The results showed that blending biomass was helpful in dislodging SO2 from the flue gas. When the mixing ratio of biomass increased, the S content in the ash and slag residue increased and the SO2 emission decreased. Liao et al. [20] evaluated the combustion process of blended fuels with polyethylene at different mixing ratios. The kinetics of the blended fuel were analyzed using the Coats–Redfern method. The combustion mechanism of the blended fuel was a diffusion reaction. And blending biomass was beneficial to improving the combustion reactivity and reducing the activation energy.



In earlier studies [21,22,23], the combustion characteristics of fuel mixed with sludge were studied. Oil-bearing sludge (oil sludge), as a sludge with a special composition and structure, has not received much attention [24]. Li et al. [25] explored the combustion characteristics of oil sludge, ginkgo seeds and a blended fuel composed of them via thermogravimetric analysis and kinetic analysis. The combustion stability decreased as the involvement of oil sludge increased. Few studies have addressed blended fuels of coal and organic solids, including oil sludge and biomass together [24]. It is essential to explore the combustion behavior of oil sludge and its blends. Blending combustion is an effective method to deal with the large amount of wood pellets and oil sludge in Xinjiang. Due to the complexity of the interactions when different blended fuels are mixed, the combustion characteristics of the blending fuels are ambiguous. Thermogravimetric experiments and differential thermal analysis are believed to be good methods to accurately study the combustion and kinetic characteristics of fuels. The objective of this study is to determine a suitable range of mixing ratios of tri-fuels and to provide a reference for the optimization of biomass, oil sludge and coal blending technology in production.



In this study, a thermogravimetric experiment and differential thermal analysis are conducted on blended fuels consisting of bituminous coal, oil sludge from Karamay in Xinjiang Province and three wood pellets from the surrounding regions. The influences of biomass species and mixing ratio on the synergistic effect and combustion characteristics represented by the ignition temperature are discussed in detail. Furthermore, the Flynn–Wall–Ozawa (FWO) approach is used for the kinetic analysis of blended fuels. The results of this study could serve as a reference for the practical application of co-combustion.




2. Material and Methods


2.1. Material


In this study, bituminous coal, wood pellets and oil sludge are selected as the blending materials. The bituminous coal (SC) is from Tunnan, Xinjiang. The three kinds of wood pellets are from Hutubi (HTB), Korla (KOL) and Bayingolin (BA) in Xinjiang, respectively. And the oil sludge (OS) is from Karamay, Xinjiang. Samples with particle sizes of 106–150 μm were chosen for the experiment. The raw materials’ properties and ultimate analyses are indicated in Table 1.



Tri-fuel consists of a different mixing ratio of bituminous (SC), wood pellets (HTB or KOL or BA) and oil sludge (OS). In the experiments, the SC mixing ratio of the tri-fuel ranges from 30% to 50%, with an interval of a 5% blending percentage, and the mixing ratio of HTB also ranges from 30% to 50%. OS is blended with 10%, 15% or 20%. To investigate the impact of the wood pellets proportion on the combustion of tri-fuel, three wood pellets (HTB, KOL and BA) are blended in mass proportions of 50%:30%:20% and 40%:45%:15%, respectively.




2.2. Thermogravimetric Experiment and Differential Thermal Experiment


A simultaneous thermal analyzer (TGA/DSC3+ thermogravimetric simultaneous analyzer, METTLER TOSEDO, Greifensee, Switzerland) is applied to conduct the thermogravimetric experiment and differential thermal experiment. Prior to the experimental tests, each raw material is crushed, milled and screened to 100–200 µm and oven dried at 105 °C for 24 h. The dried samples are stored in a desiccator. A simulated combustion environment of air (21% O2 and 79% N2) is employed in the investigation, with an average flow rate of 50 mL min−1. At a heating rate of 10, 20 and 30 °C min−1, samples weighing 5.00000 ± 1000 mg are heated from 40 to 1000 °C. The TGA continuously measures the thermogravimetric mass loss (TG), derivative thermogravimetric mass loss (DTG) and differential scanning calorimetry (DSC). Prior to the experiment, a blank calibration experiment is set up, and all experiments are run at least three times to ensure reproducibility.




2.3. Analytical Method


Ti describes the mixture’s simplicity in the combustion process. The tangent method, denoted as Ti, is employed to calculate the ignition temperature. The greatest weight loss rate and the beginning of the TG weight loss spectrum are taken as tangent lines, respectively. Ti is defined as the point where the two tangent lines intersect [26]. Th is the temperature corresponding to the highest rate of weight loss, and Tmax is the burnout temperature. A combined combustion index (Ci) is presented to compare the efficiency of combustion of the mixtures. Ci is usually applied to reflect the comprehensive combustion performance of the sample. It is a metric that combines Ti and Th. A tri-fuel which burns with an increasing efficiency results in a higher value of Ci. Additionally, the combustion stability is represented by the combustion stability score (Csi). A high value of Csi indicate the good combustion stability. It means that the values of Ti and Th are low; meanwhile, the value of (dw/dt)max is high [20,26,27].


   C i  =     ( d w / d t )   max   ×   ( d w / d t )   mean      T i    2  ×  T h     



(1)






   C  si   = 8.5875 ⋅   10  7  ×     ( d w / d t )   max      T i  ×  T  max      



(2)




where (dw/dt)max is the maximum rate of weight loss (% min−1), (dw/dt)mean is the average rate of weight loss (% min−1).



The synergistic effect of blending combustion analysis is conducted. The total weight loss ΔTG is introduced to further analyze the synergistic effect of the specific properties. Equations (3) and (4) indicate the computation process [28,29].


  T  G  cal   =  λ  SC   T  G  SC   +  λ  b i o m a s s   T  G  b i o m a s s   +  λ  OS   T  G  OS    



(3)






  Δ T G = T  G  exp   − T  G  cal    



(4)




where λSC, λbiomass and λOS are the contents of SC, biomass and OS in the mixture (%), respectively. TGSC, TGbiomass and TGOS are the weight loss of SC, biomass and OS (%), respectively. TGexp and TGcal are the experimental and calculated weight loss (%), respectively.



The energy needed for the stimulation of molecules that react in a chemical reaction is known as the activation energy (E). The reaction is easier to carry out with a smaller activation energy. It could accurately identify how difficult a chemical reaction is. The effective frequency of collisions between molecules is represented by the pre-exponential factor (A), which determines how quickly or slowly the chemical process takes place. The combination of E and A provides a more comprehensive assessment of the blending combustion reaction occurring in a mixture.



The thermal conversion process under the experimental condition is non-isothermal and non-homogeneous. The reactant concentration (c) is typically replaced by the conversion rate (α) in the non-homogeneous process [30,31]. According to Equation (6), a constant rate of temperature increase (β = dT/dt) is chosen. The chemical rate expression for the reaction process is given below:


  α =    m 0  −  m t     m 0  −  m ∞     



(5)






  k ( T ) = A × exp ( −    E a    R T   )  



(6)






  G ( α ) =    ∫ 0 α    1  f ( α )      d α =  A β     ∫   T 0   T   exp ( −    E α    R T   )    d T  



(7)







The Flynn–Wall–Ozawa (FWO) manner is employed to solve the kinetic analysis [32]. The TG curve data corresponding to the multiple heating rates at the same conversion rate are selected. Three heating rates, including 10, 20 and 30 °C min−1, are chosen. According to Equation (8), the least squares approach fitted to a horizontal line with a grade of −1.052 Eα/R can be used to obtain the E of the sample corresponding to different conversion rates. Further, the E can be established in the different temperature ranges. It is crucial to analyze the most probable mechanism function at different combustion stages. The master curve method is adopted to solve the combustion reaction mechanism function. Based on the similarity between the forms of 20 standard curves and test curves, it is possible to establish the most likely mechanism functions of blended fuels at different combustion stages. This method is more intuitive and credible than the numerical calculations. The expression given in Equation (10), which represents the temperature integral, is solved by the Dolye technique. The reference point of 0.5 is then selected to continue to search for the most likely mechanism function. After that, α = 0.5 is chosen as the reference point to further find the most probable mechanism function [33,34].


  ln β = ln     A  E α    G  α  R     − 5.331 − 1.052    E α    R T    



(8)






  G  α  =  A β     ∫ 0   T 0     exp   −    E α    R T        d T =   A  E α    β R   P  u   



(9)






  P  u  = 0.00484 × exp ( − 1.0516 u )  



(10)






  G   0.5   =   A  E α    β R   P (  u  0.5   )  



(11)






    G ( α )   G ( 0.5 )   =   P ( u )   P (  u  0.5   )    



(12)









3. Results and Discussion


3.1. Combustion Characteristics of Raw Materials


Figure 1 displays the TG-DTG plots for OS, SC, HTB, KOL and BA. The combustion characterization parameters of the three raw materials are listed in Table 2. As can be seen from the plots, the only significant weight loss temperature interval occurs in the SC combustion. A peak is only visible on the DTG curve at 487.0 °C. The combustion process of SC can be roughly divided into three stages. Before 310 °C, the water of crystallization and volatiles in the coal precipitate. From 310.0 to 666.4 °C, a significant weight loss occurs due to the coal’s low content of volatile matter. The burning of the fixed carbon dominates. It can also be seen from the DSC curve that SC releases a large amount of heat during the second stage. The heat release in the weight loss process is up to 20.0 w g−1 at 551.2 °C. After 666.4 °C, the weight has not changed significantly. The result is similar to the weight loss curve of bituminous coal reported by Wu et al. [18].



The three varieties of wood pellets’ TG, DTG and DSC curves show the same pattern. The DTG curves of HTB, KOL and BA all show two distinct peaks; thus, their combustion process could be separated into four parts. The first high point of the DSC curve is near 325.2 °C, the second is between 220.0 and 400.0 °C. It could be that some of the carbon in the wood pellets occurs in the form of compounds, which are thermally decomposed at the higher temperature to form the gaseous products and precipitate carbon. The carbon combustion reaction happens and the weight decreases. In Stage 3, the DTG curve’s peak arrives again. This peak has a smaller value than SC’s peak and the temperature interval is narrower because of the lower fixed carbon content of wood pellets. Therefore, the combustion is not concentrated at this stage. Additionally, BA is highest at the DSC second peak. The higher weight loss resulting from its high fixed carbon content supports this. As shown in Table 2, the Ci of wood pellets is higher than that of SC and OS, and they provide the best combustion performance and the lowest ignition temperature. Among the three types of wood pellets, HTB has the lowest Ti and the highest Th. And BA has the best combustion performance. Generally, there is little difference in the combustion characteristics of the three types of wood pellets.



The TG curve of OS also shows a multistage decline. The DTG curve appears as two distinct peaks, which is consistent with previous studies [35,36]. Unlike wood pellets, the second peak of the DTG curve for OS is higher than the first peak. However, the peak values are lower than those of HTB, KOL, BA and SC, which results from its own low carbon content (shown in Table 1). As soon as the weightlessness begins, the heat release of OS gradually increases to 12 w g−1. The mass loss of OS is concentrated at 190.0~590.0 °C, while the (dw/dt)max is 1.9% min−1. Only 44% of OS’s weight is lost. The thermal decomposition of the compound components occurs firstly during the warming process, followed by the combustion of the fixed carbon. The Ci of OS is only 1.68, with a poor overall combustion performance.




3.2. Influence of Biomass Species on Combustion Characteristics


Based on the TG and DTG curves of tri-fuels (see Figure 2), blended different wood pellets have the same burning tendency. The combustion process of blended fuels is divided into five stages as DSC curves. Heat release appears in Stage 2, Stage 3 and Stage 4. Stage 3 has the highest amount of heat release, while Stage 4 is the melting process with the lowest amount of heat release. It is noteworthy that the tri-fuel with KOL has the highest exotherm with a peak value of 19 w g−1. This value is twice that of the exotherm of the tri-fuel with HTB (11.2 w g−1). This could explain the fact that the tri-fuel with KOL has the largest weight loss followed by tri-fuel with BA at the same mixing ratio. The second stage takes place between 251.2 and 380.0 °C. This stage is dominated by the thermochemical release and combustion of volatiles from the wood pellets. The third stage, known as the raw fixed carbon combustion in fuels, takes place between 380.0 and 500.0 °C. The fourth stage is about 600.0 °C, which is marked by a downward peak in DSC but no appreciable weight change.



The mixing of different wood pellets has little impact on the general trend of combustion, but it has a substantial impact on the combustion’s features. At the same mixing ratio, blending KOL results in the highest final weight loss. The tri-fuel blended with HTB has the lowest temperature reaching the first peak, followed by KOL and BA. This phenomenon is caused by the different volatile content of the three blended wood pellets. The volatile content of BA is higher than KOL and HTB (see Table 1). Wood pellets all have a high lignin content [37]. The above factors cause BA to reach the maximum mass loss rate only at higher temperatures. As a result, under the same mixing ratio, the DSC curve displays a higher initial temperature peak of BA. It is interesting that at the mixing ratio of 35%:45%:20%, the first peak of the DSC curve for the tri-fuel blended with HTB and KOL is larger than the second peak. This is due to the low SC content in the blend. However, BA does not show this phenomenon under the same mixing ratio, which indicates that the fixed carbon combustion dominates the combustion process of tri-fuel involved BA. For most mixing ratios, the peak of fixed carbon combustion for the tri-fuel blended with the three wood pellets is higher than the first peak.



Table 2 gives the combustion characterization parameters of nine tri-fuels including three wood pellets blended. It can be observed that the Ti and Th of the three wood pellets differ little from each other. Since the first peak of the aforementioned tri-fuel consisting of KOL and HTB is higher than the second peak, the Tmax of both is small. The combustion stability is investigated by Csi. The tri-fuel containing HTB is the least stable. The combustion stability of the tri-fuel containing KOL is the best. Csi rises rapidly with decreasing SC content and increasing OS content, and the degree of increase is close to 50%. In the case of a high SC mixing ratio, Ci shows the trend of KOL > BA > HTB (tri-fuel blended), which indicates that the tri-fuel including KOL has the best combustion performance. At a low SC mixing ratio, the combustion performance of the tri-fuel containing KOL or HTB is better than that of the tri-fuel containing BA. And their Ci values are 1.14 × 10−7 and 1.19 × 10−7, respectively. The large variation in the combustion performance of HTB makes it a prime candidate for upcoming investigations of the effects of mixing ratios on combustion characteristics.




3.3. Influence of Blended Ratio on Combustion Characteristics


Figure 3 presents the weight loss and rate of weight loss curves of the samples obtained by blending SC with HTB and OS in different ratios at a temperature heating rate of 10 °C min−1. As mentioned in the previous section, based on the DSC curves, the entire combustion process could be separated into five stages (see Figure 3E,F). The DSC curves and DTG curves show the same tendency. Initial peaks can be seen on all DTG curves around 310 °C. The first peak is higher than OS but significantly lower than that of HTB combustion alone. The peak temperature of the second peak is between 365 and 542.8 °C, which is much lower than that of SC. This indicates that the blending of OS and HTB promotes the combustion reaction of tri-fuel. The values of the peaks vary irregularly.



When the SC content in the tri-fuel is high (Figure 3A,C,E), the first peak value of the DTG curve is smaller than the second. The tri-fuel does not begin to release a large amount of heat until Stage 3. The above phenomenon indicates that the tri-fuel is dominated by the combustion of fixed carbon mainly. The exothermic peak of Stage 3 is as high as 24.8 w g−1 for a mixing ratio of SC:HTB:OS = 50%:40%:10%, while its exothermic peak of Stage 2 is lower than for SC:HTB:OS = 50%:35%:15%. From Figure 3A, when the SC content is high and the OS percentage is low, significant weightlessness can be seen. The final weight loss is highest at mixing ratios of SC:HTB:OS = 50%:30%:20%, 50%:40%:10% and 45%:45%:10%, which can reach 90%. When SC:HTB:OS is 45%:35%:20%, the combustion characteristics are poor, and the weight loss is only 49.3%. The tri-fuel exergy at this ratio does not exceed more than 10 w g−1, which indicates that the tri-fuel has an inhibitory effect on combustion. And its Ci is only 0.23 × 10−7, which is the lowest among all mixing ratios. When the SC mixing ratio is high, excessive OS inhibits the tri-fuel’s combustion. After mixing OS, the ignition temperature of the tri-fuel rises.



Figure 3B,D,F show TG, DTG and DSC curves for a low SC percentage mixed tri-fuel. Figure 3F shows that the heat release in Stage 2 is overall higher than that of tri-fuels with a high SC percentage blending. The combustion advances and Stage 2’s involvement in the combustion pathway rises as the mixing ratio of HTB and OS increases. When the SC:HTB:OS is 40%:50%:10% and 35%:45%:20%, respectively, the first peak of the DTG curve is larger than the second peak. At the same time, Table 2 shows that the Ti of the two mixing ratios are 271.5 and 269.8 °C, respectively, and the combustion temperature is also advanced. Additionally, when Ci is 1.2 × 10−7, the optimal mixing ratio for combustion efficiency is 40%:50%:10%. The performance of combustion obviously improves when HTB adopts the primary body. Different from previous studies [38,39], as the OS mixing ratio increases from 10% to 20% with the 45% HTB, Ti and Th decrease from 354.9 and 514.3 °C to 269.8 and 452.7 °C, respectively. For OS, the modification of Ti is greater than that of Th. When the HTB mixing ratio is higher than 50% or lower than 40%, the blending of OS would reduce the expected combustion performance of the tri-fuel.



Stage 2’s heat output is considerably less than Stage 3’s heat emission, the exotherm of Stage 2 is still not high. Carbon in compound form has a lower calorific value than fixed carbon. This clarifies why the rate of weight loss decreased but the heat release rose from Stage 2 to Stage 3 when the SC, HTB and OS were, respectively 40%, 50% and 10% and 35%, 45% and 20%. Compounds containing carbon can increase ignition characteristics and combustion performance without producing much heat.




3.4. The Synergistic Effect of Tri-Fuel


The ΔTG plots of different mixing ratios of the tri-fuels are shown in Figure 4. ΔTG is equal to 0 only at 265.2 °C, which indicates that the three raw materials are not simply linearly superimposed when they are blended and burned; rather, they interact with each other during the combustion process. According to the algorithm mentioned previously, a value of ΔTG equal to zero indicates that the experimental residual mass of combustion is less than the calculated value. This also indicates that the weight loss of real blended combustion is larger than the weight loss calculated by proportion. Therefore, it can be known that the three raw materials’ combustion together is not a simple linear superposition but there is a synergistic effect to promote combustion when ΔTG is less than zero. This situation exists when SC:HTB:OS are 50%:35%:15%, 50%:40%:10%, 45%:45%:10%, 40%:40%:20%, 40%:50%:10% and 35%:45%:20%.



Under most mixing ratios, the ΔTG peaks of tri-fuel are at 370.0 and 510.0 °C, which are not far from the value where the ultimate peak of TG occurs. The main reason for the peak’s appearance near 510.0 °C is the combustion of fixed carbon in SC and HTB. During 400.0 and 510.0 °C, the combustion of fixed carbon is completed in advance, and the absolute TG value is increased. During 510.0~610.0 °C, the experimental curve gradually converges to the calculated value because the inhibition of the product becomes the main factor affecting the reaction rate with the increasing temperature. Thus, HTB has a facilitating effect in the combustion of tri-fuel. When the OS mixing ratio is greater than 10%, ΔTG is mostly greater than zero. It can be seen that the introduction of OS inhibits the combustion of tri-fuel. As a raw material with poor combustion characteristics, moisture and ash accounted for 39.8% and 34.24%, respectively. The ash produced by its combustion has an inhibitory effect on the reaction. ΔTG is less than zero when the OS mixing ratio is 20% and the HTB mixing ratios are 40% and 45%. The tri-fuel combustion performance is the best among all mixing ratios when the HTB mixing ratio is 45%. This is different from previous studies [40]. Due to the numerous OS particles, the tri-fuel combustion process may occur in a relatively small unit. Under the same heating conditions, HTB and SC with the dense particle arrangement will be more exposed to oxygen [41]. In the case of a high HTB mixing ratio, due to a suboptimal combustion performance, the impact of OS on promoting combustion outweighs its inhibitory effect, resulting in a synergistic effect among the three raw materials.




3.5. Kinetic Analysis


Figure 5 displays the p(u)/p(u0.5) curves for the tri-fuel with SC:HTB:OS of 40%:45%:15% at three heating rates. The deviation between the test curve and the other two curves is about 0.5 < α < 0.7. The divergence has no bearing on the validity of the mechanism function; thus, it is feasible to select a single heating rate to study the combustion reaction. In this study, the experimental curve of combustion at 20.0 °C min−1 is selected and compared with the standard curves drawn by 20 common kinetic models. The standard and experimentation curves are shown in Figure 6. When the conversion rate α < 0.5, the most probable function f(α) of tri-fuel is [−ln(1 − α)]2. With increasing temperature and the reaction proceeding, the reaction mechanism exhibits some differences. When the conversion rate is greater than 0.5, the f(α) becomes [−ln(1 − α)]3. The f(α) of each blended sample is listed in Table 3.



Table 3 lists the E and A of the tri-fuels at the different mixing ratios. When a high proportion of HTB is present in the mixture, E is approximately 20% to 30% less than SC. The reactant particles can undergo conversion into active particles without the need for additional energy absorption, thereby the tri-fuel of high HTB proportion facilitats the reaction. The HTB fixed carbon occurs in a form similar to SC, leading to mixed combustion where more molecules are simultaneously participating in a reaction and the same particles smash into one another. This can explain the facilitating effect of HTB on the tri-fuel combustion. The A gradually decreases with the increase in HTB content, which has an inhibitory effect on the combustion. Overall, the promoting effect of HTB for tri-fuel combustion dominates. When the OS content is 10%, E decreases to 35.87 and 49.04 kJ mol−1. Meanwhile, the increase is significant at 0.5 < α < 0.8 when SC:HTB:OS = 40%:50%:10%. The pre-exponential factor of the three fuels increased as the OS content decreased. This phenomenon can be attributed to the limited spatial response that OS provides for HTB and SC, as mentioned in the previous section. A suitable mixing ratio results in a weakening of the combustion hindering effect of noncombustible particles in OS and thus an increase in the kinetic index of tri-fuel.





4. Conclusions


This study uses thermogravimetric experiment and differential thermal analysis to investigate the effects of different wood pellet species and mixing ratios on the combustion performance of blended fuels. The synergistic effect of bituminous coal (SC), biomass (HTB, KOL and BA) and oil sludge (OS) is evaluated. The kinetic analysis is conducted utilizing both the FWO and Dolye techniques. The main conclusions are as follows:




	(1)

	
The weight loss rate curve of bituminous coal exhibits a distinct peak value. The combustion of wood pellets could be divided into two processes, including the combustion of compound carbon (236.0–382.0 °C) and fixed carbon (383.0–610.0 °C). The combined combustion index (Ci) of BA wood pellets is as high as 1.88 × 10−7. The combustion properties of oil sludge are poor with a large amount of ash.




	(2)

	
The effective blending of wood pellets enhances the combustion capacity of the tri-fuel and raises the Ci. The largest weight loss peak is correlated with a lower temperature and a more intense combustion. The KOL wood pellets exhibited the most pronounced effect in reducing the ignition temperature (Ti) to 265.0 °C among the three different wood pellets. The mixing ratio has the most significant influence on the combustion performance of tri-fuel with HTB.




	(3)

	
The blending combustion of SC, HTB and OS has a significant synergistic effect. The char combustion of SC and HTB promote each other. When there is a high SC mixing ratio, an excess of OS inhibits the tri-fuel’s combustion. As the OS ratio increases from 10% to 20% with 45% HTB, Ti decreases from 354.9 to 269.8 °C, while Th drops by 12%. The impact of OS on the ignition performance is greater than that on the burnout performance.




	(4)

	
The most probable function f(α) of tri-fuel is obtained by the master plot method. The f(α) is [−ln(1 − α)]2 for tri-fuel of most mixing ratios when the conversion rate α < 0.5, while f(α) becomes [−ln(1 − α)]3 at α > 0.5. At the high HTB level, an increase in OS content causes the activation energy to decrease to 35.87 and 49.04 kJ mol−1 and the pre-exponential factor increases significantly at 0.5 < α < 0.8. OS particles provide numerous relatively small units for combustion, so that HTB and SC with the dense particle arrangement can be exposed to more oxygen. The moderate blending of oil sludge improves the pre-finger factor and the combustion performance.
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Figure 1. TG, DTG and DSC curves of coal (A), wood pellets (B) and oil sludge (C). 
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Figure 2. TG (A), DTG (B) and DSC (C) curves of SC and OS blended with different biomass. 
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Figure 3. TG (A,B), DTG (C,D) and DSC (E,F) curves of tri-fuel under different mixing ratios. 






Figure 3. TG (A,B), DTG (C,D) and DSC (E,F) curves of tri-fuel under different mixing ratios.



[image: Applsci 13 11058 g003]







[image: Applsci 13 11058 g004] 





Figure 4. The ΔTG curves of tri-fuel under different mixing ratios (high proportion of mixed wood pellets (A) and low proportion of mixed wood pellets (B)). 
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Figure 5. Experimental curves of combustion of tri-fuel (SC:HTB:OS = 40%:45%:15%) at different heating rates. 
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Figure 6. Comparison between the standard curves and the experimental curve. 
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Table 1. Fuel properties of coal.






Table 1. Fuel properties of coal.





	
Sample

	
Proximate Analysis (wt.%)

	
Ultimate Analysis (wt.%)

	
Qnet,p,ar

kJ kg−1




	
Mad

	
Aad

	
Vad

	
FCad a

	
Cad

	
Had

	
Oad a

	
Nad

	
Sad

	
Clad






	
SC

	
10.58

	
11.07

	
28.96

	
49.39

	
60.46

	
3.17

	
12.82

	
1.19

	
0.70

	
0.01

	
19,280




	
HTB

	
3.62

	
6.83

	
72.94

	
16.61

	
44.72

	
5.32

	
38.99

	
0.48

	
0.04

	
0.01

	
16,120




	
KOL

	
3.82

	
11.10

	
68.41

	
16.67

	
42.59

	
5.15

	
36.85

	
0.43

	
0.06

	
0.01

	
15,200




	
BA

	
5.58

	
6.03

	
68.51

	
19.88

	
44.21

	
5.14

	
38.49

	
0.48

	
0.05

	
0.02

	
16,380




	
OS

	
39.8

	
34.24

	
23.64

	
2.32

	
21.79

	
3.20

	
0.28

	
0.18

	
0.54

	
0.07

	
7990








a By difference. ad air dry basis, Qnet,p,ar, lower heating value on an as-received basis.













 





Table 2. Combustion characteristic parameters of samples.
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Samples

	
Blend Ratio

	
(dw/dt)mean

(% min−1)

	
(dw/dt)max

(% min−1)

	
Tmax (°C)

	
Ti (°C)

	
Th (°C)

	
Ci (10−7)

	
Csi






	
SC

	
-

	
1.0

	
4.21

	
487.5

	
398.2

	
572.8

	
0.46

	
1862




	
HTB

	
-

	
0.89

	
5.69

	
324.3

	
269.9

	
409.3

	
1.69

	
5581




	
KOL

	
-

	
0.89

	
5.60

	
328.4

	
272.1

	
408.2

	
1.65

	
5381




	
BA

	
-

	
0.95

	
6.07

	
326.2

	
272.6

	
408.5

	
1.88

	
5860




	
OS

	
-

	
0.38

	
1.93

	
446.6

	
288.4

	
524.4

	
0.17

	
1286




	
SC:KOL:OS

	
50%:30%:20%

	
0.80

	
4.29

	
427.0

	
301.8

	
491.0

	
0.77

	
2859




	
40%:45%:15%

	
0.91

	
4.76

	
441.0

	
319.1

	
497.4

	
0.86

	
2904




	
35%:45%:20%

	
0.84

	
4.28

	
324.3

	
265.0

	
447.0

	
1.14

	
4276




	
SC:BA:OS

	
50%:30%:20%

	
0.64

	
3.12

	
417.5

	
288.5

	
471.7

	
0.51

	
2224




	
40%:45%:15%

	
0.71

	
3.79

	
424.0

	
318.1

	
479.9

	
0.55

	
2413




	
35%:45%:20%

	
0.91

	
4.27

	
463.4

	
324.3

	
514.6

	
0.72

	
2439




	
SC:HTB:OS

	
50%:30%:20%

	
0.56

	
2.82

	
423.7

	
310.2

	
492.1

	
0.33

	
1843




	
50%:35%:15%

	
0.93

	
5.57

	
448.7

	
358.6

	
503.9

	
0.80

	
2974




	
50%:40%:10%

	
0.93

	
6.54

	
439.5

	
374.4

	
502.8

	
0.86

	
3410




	
45%:35%:20%

	
0.50

	
2.30

	
437.3

	
317.5

	
509.0

	
0.23

	
1423




	
45%:40%:15%

	
0.80

	
4.36

	
440.0

	
440.0

	
510.7

	
0.35

	
1934




	
45%:45%:10%

	
0.94

	
5.20

	
447.5

	
354.9

	
514.3

	
0.75

	
2812




	
40%:40%:20%

	
0.87

	
4.76

	
438.6

	
338.6

	
498.4

	
0.72

	
2751




	
40%:45%:15%

	
0.67

	
4.11

	
432.0

	
353.5

	
494.5

	
0.45

	
2311




	
40%:50%:10%

	
0.92

	
4.46

	
326.7

	
271.5

	
455.1

	
1.22

	
4314




	
35%:45%:20%

	
0.91

	
4.34

	
326.7

	
269.8

	
452.7

	
1.19

	
4227




	
35%:50%:15%

	
0.62

	
2.67

	
433.8

	
294.6

	
489.9

	
0.39

	
1795




	
30%:50%:20%

	
0.74

	
3.47

	
438.0

	
313.1

	
502.0

	
0.52

	
2172











 





Table 3. Kinetic parameters of SC and tri-fuel.
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Samples

	
Blend Ratio

	
α

	
E (kJ mol−1)

	
A (min−1)

	
f(α)






	
SC

	
-

	
0.2–0.8

	
63.49

	
255.50

	
(1 − α)3.2




	
SC:KOL:OS

	
50%:30%:20%

	
0.2–0.5

	
42.50

	
189.03

	
[−ln(1 − α)]2




	
0.5–0.8

	
37.71

	
92.05

	
[−ln(1 − α)]3




	
40%:45%:15%

	
0.2–0.5

	
43.21

	
192.18

	
[−ln(1 − α)]2




	
0.5–0.8

	
37.86

	
79.55

	
[−ln(1 − α)]3




	
35%:45%:20%

	
0.2–0.5

	
38.36

	
100.43

	
[−ln(1 − α)]2




	
0.5–0.8

	
45.10

	
567.46

	
[−ln(1 − α)]3




	
SC:BA:OS

	
50%:30%:20%

	
0.2–0.5

	
41.28

	
150.32

	
[−ln(1 − α)]2




	
0.5–0.8

	
34.71

	
46.50

	
[−ln(1 − α)]3




	
40%:45%:15%

	
0.2–0.5

	
37.16

	
50.78

	
[−ln(1 − α)]2




	
0.5–0.8

	
36.62

	
59.33

	
[−ln(1 − α)]3




	
35%:45%:20%

	
0.2–0.5

	
36.27

	
66.24

	
[−ln(1 − α)]2




	
0.5–0.8

	
41.07

	
239.30

	
[−ln(1 − α)]3




	
SC:HTB:OS

	
50%:30%:20%

	
0.2–0.5

	
36.81

	
52.91

	
[−ln(1 − α)]2




	
0.5–0.8

	
24.66

	
4.26

	
[−ln(1 − α)]3




	
50%:35%:15%

	
0.2–0.5

	
51.59

	
682.45

	
[−ln(1 − α)]2




	
0.5–0.8

	
28.23

	
5.62

	
[−ln(1 − α)]3




	
50%:40%:10%

	
0.2–0.5

	
71.36

	
22,029.19

	
[−ln(1 − α)]2




	
0.5–0.8

	
53.46

	
699.46

	
[−ln(1 − α)]3




	
45%:35%:20%

	
0.2–0.5

	
36.22

	
39.72

	
[−ln(1 − α)]2




	
0.5–0.8

	
26.66

	
6.27

	
[−ln(1 − α)]3




	
45%:40%:15%

	
0.2–0.5

	
42.42

	
111.83

	
[−ln(1 − α)]2




	
0.5–0.8

	
24.76

	
2.77

	
[−ln(1 − α)]3




	
45%:45%:10%

	
0.2–0.5

	
46.86

	
271.30

	
[−ln(1 − α)]2




	
0.5–0.8

	
27.94

	
5.48

	
[−ln(1 − α)]3




	
40%:40%:20%

	
0.2–0.5

	
29.00

	
11.70

	
[−ln(1 − α)]2




	
0.5–0.8

	
22.46

	
2.05

	
[−ln(1 − α)]3




	
40%:45%:15%

	
0.2–0.5

	
46.76

	
310.25

	
[−ln(1 − α)]2




	
0.5–0.8

	
25.85

	
4.13

	
[−ln(1 − α)]3




	
40%:50%:10%

	
0.2–0.5

	
35.87

	
56.39

	
[−ln(1 − α)]2




	
0.5–0.8

	
49.04

	
1252.78

	
[−ln(1 − α)]3




	
35%:45%:20%

	
0.2–0.5

	
35.83

	
55.77

	
[−ln(1 − α)]2




	
0.5–0.8

	
46.43

	
698.35

	
[−ln(1 − α)]3




	
35%:50%:15%

	
0.2–0.5

	
33.05

	
29.09

	
[−ln(1 − α)]2




	
0.5–0.8

	
37.30

	
93.81

	
[−ln(1 − α)]3




	
30%:50%:20%

	
0.2–0.5

	
37.24

	
58.54

	
[−ln(1 − α)]2




	
0.5–0.8

	
37.31

	
76.92

	
[−ln(1 − α)]3
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