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Abstract

:

In this study, the combustion characteristics of pine needles, pine needle humus, and the co-combustion of these two types of biomass with coal were compared. In addition, the optimization of the combustion performance of coal/humus was assisted through the following studies: (i) the combustion performance of coal/pine needle humus was studied under four different oxygen concentrations (N2, 10%O2/90%N2, 20%O2/80%N2, and 40%O2/60%N2); (ii) the synergistic effect between the humus and coal during combustion was also investigated by adjusting the blending ratio and oxygen content; (iii) the mechanisms of the optimized combustion processes were expounded by kinetics and thermodynamics discussion. The results demonstrated that the combustion characteristics of the coal/humus blends were found to be higher than those of the coal/pine needle blends. The coupling interactions of the oxygen content and blending ratio contributed to the significant synergistic effect between the two fuels, and the synergistic effect showed a nonlinear variation with an increased oxygen concentration. The synergistic effect in a rich oxygen environment (O240%/N260%) is 5.1 times greater than that in the synthetic air (O220%/N280%) and 13.8 times greater than that in the oxygen-poor environment (O210%/N290%). Hence, the blending ratio could be adjusted to maintain the intensity of the synergistic effect in an oxygen-rich atmosphere.
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1. Introduction


At present, coal consumption accounts for more than 50% of China’s energy structure (BP Statistical Review of World Energy, 2022) and still dominates. However, as a non-renewable resource, the contradiction between the supply and demand of coal is increasingly prominent. To achieve a low-carbon economy and reduce energy consumption and emissions, China has been committed to improving its energy structure and reducing the proportion of coal consumption. Considering the practical aspect, the adjustment of the energy structure needs to be carried out gradually in the long term, during which the efficient and clean utilization of coal is particularly important. Biomass is widely distributed as a renewable energy source, but its low energy density greatly limits the widespread use of biomass as a sustainable fuel [1]. Fortunately, it can be blended with coal for power generation or chemical products using co-thermochemical technologies. The co-combustion of biomass blended with coal is considered an alternative, feasible route for biomass utilization and coal pollution control [2]. According to China Energy News, a power plant in Hebei Province has been co-firing walnut shells with coal to generate electricity. According to calculations, the power plant can save the equivalent of 57,000 tons of coal and reduce CO2 emissions by 70,000 tons per year by co-firing 100,000 tons of walnut shells annually. Biomass has a low sulfur content but a high content of alkali and alkaline earth metals (AAEMs), which can react with SO2 to form sulfates and facilitate the fixation of gaseous sulfur [3], while reducing the yield of N-containing gas [4]. Therefore, biomass is advantageous in limiting the emission of air pollutants such as SOx and NOx [5,6]. At the same time, the presence of K, Na, and Ca can shorten the ignition delay time and increase the combustion temperature [7,8]. Furthermore, the co-combustion of coal blended with biomass will also provide stable burning and enhance the thermal behavior as the mixture has more volatile matter and a lower ash content compared with coal.



Researchers have been studying the co-combustion process of various biomass materials and coal, finding that the synergistic effects arising during co-combustion by combining certain fuels can improve the combustion performance. Qu et al. [9] found that lignite co-combustion with a humus ratio of 20% showed the best synergistic effect, and they proposed a new synergistic index (SI) to distinguish a catalytic synergistic effect from a non-catalytic synergistic effect. Li et al. [10] found, in their study of pelletized coal/biomass mixtures, a co-combustion in which, with an increase in biomass proportion, the maximum temperature during combustion increases, the reactivity increases, and the activation energy decreases nonlinearly, indicating the existence of a synergistic effect. Zhang et al. [11] pointed out that the synergy between coal gangue and pine sawdust is mainly due to the thermal effect. In general, the synergistic effect is classified as the catalytic effect and non-catalytic effect of biomass components on coal during co-combustion [12,13,14]. The catalytic effect is ordinarily attributed to the abundance of AAEMs in biomass (such as cornstalk), which augments the reactivity of chars originating from coal [15,16]. The non-catalytic effect is also dominated by the highly volatile content originating from cellulose, hemicellulose, or lignin in biomass [14,17]. It is reported that a substantial number of intermediates (such as phenoxy radicals) released from lignin in biomass attack the coal during the co-thermal dissolution of the blended fuels, which contributes to the accelerated scission of aliphatic C-C bonds in coal [18,19]. However, the synergistic effects still remain controversial, possibly due to the type of coal/biomass, reaction kinetics, and thermodynamic factors [20,21,22]. Therefore, studying the synergistic mechanism of co-pyrolysis of lignite and biomass has profound significance for energy development and utilization.



The combustion performance of the coal/biomass mixtures is influenced by factors such as the type of biomass and coal, mixture ratio, combustion temperature, atmosphere, and other related parameters [23,24]. Different proportions of coal and biomass may lead to different reaction pathways and product compositions, which can affect the efficiency of co-combustion. The researchers noted that the synergistic effect on the co-combustion of coal and biomass mixtures increased as the proportion of biomass increased [25,26]. However, researchers have found that when biomass is co-fired with coal at a mass ratio of 0–100%, the highest synergistic effect is achieved when the biomass content is 70% [27]. This indicates that further research is needed to investigate the influence of biomass proportion on the pyrolysis of the mixture.



The combustion of biomass under different atmospheres can result in varying chemical changes, which may have an impact on the combustion performance of coal/biomass [28]. Cheng et al.’s [29] study revealed that drying biomass (wood) at varying oxygen concentrations (0, 3, 6, 10, and 21%) resulted in maximum reductions of 66.18% and 73.53% in H/C and O/C ratios, respectively. The higher heating value (HHV) also showed a significant increase, but negative effects were observed when the oxygen concentration was too high (21%). Therefore, researchers have conducted extensive research on the combustion characteristics of coal/biomass under different oxygen atmospheres. Varol et al.’s [30] study found that selecting an appropriate excess air ratio can alter the emissions of NOx and SOx after combustion. Yang et al. [12] also found that the emission curve of NOX is influenced by the concentration of O2. Guang et al. [31] burned anthracite coal and Robinia pseudoacacia char (RPC) in a pure oxygen atmosphere, demonstrating that the addition of biomass and an increase in the heating rate enhanced the combustion performance. However, their study did not compare the results with other combustion atmospheres and did not clarify the advantages of a pure-oxygen-atmosphere combustion. Chen et al. [32] established three different oxygen concentrations to investigate the combustion characteristics under different oxygen atmospheres. They found that when the oxygen concentration increased from 30% to 70%, the reaction rate increased from 6.43%/min to 6.66%/min, indicating better combustion performance. However, they did not further investigate the impact of oxygen concentration on the synergistic effect of the mixture.



Forest fires, which usually cause incalculable damage to the ecological environment, losses to the economy, and casualties, has been given more attention. Forest humus stemming from dead/living organisms, plant litter, and roots plays a pivotal role in the occurrence and spread of fire [33]. Rational utilization for humus is accordingly an effective way to reduce the risk of forest fire; moreover, humus may be used as a potential biofuel because of its ideal ignition and combustion performance [34]. Coincidentally, the high content of AAEMs and lignin in humus not only enhances the catalytic effect but also promotes a non-catalytic effect during the co-thermochemical conversion of humus and coal. Indeed, few focus on the synergistic effect of coal/humus during co-combustion, let alone convert biomass into humus for co-combustion with others. It is thus evident that the research regarding the mechanisms of interactions and possible synergistic effects in coal/humus blends is still essential, which is beneficial for understanding the co-combustion behavior. The combustion performance is compared and analyzed by changing the oxygen concentration and blending ratio, which is conducive to investigating synergistic effects in coal/humus blends.



In the present contribution, the combustion characteristics of pine needles, pine-needle humus, low-rank coal, coal/pine needle blends, and coal/humus blends were studied by using thermogravimetric analysis (TGA). The difference between the combustion of coal/pine needle blends and coal/humus blends was compared. The synergistic interaction between the humus and coal during combustion was also investigated under different blend ratios and oxygen concentrations. Based on the model-free method, viz., Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO), and Friedman, the kinetic parameters of the co-combustion were estimated [35]. Subsequently, the thermodynamic parameters, i.e., the changes in enthalpy (△H), Gibbs free energy (△G), and entropy (△S), at the different conversion rates were determined. Based on the sensitivity of the humus to oxygen, an efficient strategy could be proposed to enhance the synergy between two fuels: (i) converting biomass into humus under controlled conditions, and (ii) increasing the oxygen concentration of co-combustion. The results of our study can augment the understanding of the combustion characteristics and synergy of coal/humus blends, providing a useful reference for the application and optimization of co-firing biomass with coal in thermochemical conversion systems.




2. Materials and Methods


2.1. Experimental Materials


The Shengli lignite (SL) samples were obtained from the Shengli Coal Field—the largest lignite base in China. The pine-needle humus (PH) samples were transformed from pine needles (PNs) in the soil of an intelligent artificial climate box (ZHUJIANG LRH-1000-GSI, temperature at 25 ± 1 °C and humidity at 85 ± 5%) over 90 days. The intelligent artificial climate box provides all the external factors needed for the process of decomposition. The soil microbial community decomposes the organic matter in the pine needles, such as lignin, and converts it into humus through biological or chemical reactions. Pine needles were collected in Zhengzhou, China, which is located at a latitude of 34.75° N and longitude of 113.62° E.



The air-dried SL and PH samples were separately milled and sieved into a particle size fraction of 80–125 μm. The samples were then dried in a vacuum at 40 °C for 24 h and stored in a desiccator before use in experiments, which ensures the relative integrity of the sample structure. The coal/pine needle blends were named NBR20%, NBR50%, and NBR80% according to the pine needle blending ratios (20%, 50%, 80%, respectively). The coal/humus with different blending ratios was named HBR20%, HBR50%, and HBR80%. The mixed samples were tumbled to achieve proximate homogeneity using a ball mill. The proximate analysis and ultimate analysis of SL, PH, and PN were carried out using the coal industry analysis standard GB/T 212-2008 and the solid biomass fuel industry analysis standard GB/T 28731-2012, respectively. The ash composition of SL, PH, and PN was analyzed by X-ray fluorescence spectrometry (Panalytical Axios). The higher heating value (HHV) is the heat released when the fuel is completely burned, that is, the sum of the combustion heat of the fuel and the condensation heat of the water vapor, which can be calculated by approximate analysis [36,37]. The results are shown in Table 1.




2.2. Experiment


The co-combustion/pyrolysis experiments of SL, PH, and their blends were performed via a congruent-mass TGA method. A simultaneous thermal analyzer (NETZSCH STA 2500) was employed to record the thermogravimetry (TG) curves during these processes. For each TGA run, the samples (8 ± 0.1 mg) within an aluminum crucible were heated from room temperature to 900 °C. A constant gas flow rate of 100 mL/min was sustained for each of the four atmospheres (N2, oxygen-free atmosphere; O210%/N290%, oxygen-poor atmosphere; O220%/N280%, synthetic air; and O240%/N260%, oxygen-rich atmosphere). Data analysis was performed using the software Origin2018 and Python script.




2.3. Combustion Characteristics of the Samples


The combustibility performance of a fuel is expressed by the combustibility index S, which is defined as [38]


  S =       d w / d t    max      d w / d t     m e a n      T i 2   T b     



(1)




where (dw/dt)max is the maximum mass loss rate; (dw/dt)mean is the average mass loss rate. Ti and Tb represent the ignition temperature and the burnout temperature, respectively. The greater the index S is, the more vigorously the sample burns, the faster the char burns out, and the better the combustion characteristics are.




2.4. Analysis of Mixed Combustion Synergistic Interaction


Many researchers pay attention to interactions between the two fuels during the co-combustion system, but few consider how to enhance the tight interactions. Here, we utilized the sensitivity of the humus to the oxygen to enhance the synergistic interaction; the corresponding strategies were as follows: (i) converting biomass into humus under controlled conditions and (ii) increasing the oxygen concentration of co-combustion.



In this study, the synergistic interaction between the humus and coal was also investigated under different conditions (from an oxygen-free atmosphere to an oxygen-rich atmosphere), and the extent of synergistic interaction is expressed by the relative deviation [19].


   w c  =  x  P H   ·  w  P H , T   + ( 1 −  x  P H   ) ·  w  S L , T    



(2)






   δ W  =    W e  −  W c     W e    × 100 %  



(3)




where Wc is the calculated value for the arithmetic weighted average of coal and humus and xPH is the percentage of PH in the blend. WPH,T and WSL,T are the masses of PH and SL at time T, respectively (the specific values are obtained from the individual TG curves of PH and SL). We is the mass of the blend in the experiment.




2.5. Kinetic and Thermodynamic Analyses


Based on kinetic analysis methods, the reaction rate for the combustion of a mixture can be expressed as Equation (4):


    d α   d t   = k  T  f  α  h    O 2     



(4)




where f(α) is the mechanism function; α, viz., rate of conversion, is defined as the ratio of weight loss at time t to the total weight loss of the combustion; and h(O2) is the O2 partial pressure function. The temperature-dependent constant k(T) and conversion degree α can be described by Equations (5) and (6) [39]:


  k  T  =  A 0  exp   −   E α   R T      



(5)






  α ( t ) =    m 0  −  m t     m 0  −  m ∞     



(6)




where m0, mt, and m∞ are, respectively, the initial weight, the weight at time t, and the weight at the end of combustion. For a constant heating rate, β = dT/dt, another form of Equation (4) can be obtained by combining Equations (5) and (6); thus:


    d α   d T   =  A β  exp   −    E α    R T     f  α   



(7)




where A, Eα, and R are the pre-exponential factor A = A0h(O2), apparent activation energy, and universal gas constant, respectively.



Equation (8) is obtained by integrating Equation (7):


  G  α  =    ∫ 0 α     d α   f  α       =  A β     ∫   T 0   T   exp   −    E α    R T        dT  



(8)







Different assumptions and approximations are involved in the different methods. These methods avoid the errors caused by the selected reaction mechanism to give an accurate Eα estimation [35,40]. In this study, the typical model-free methods of the Kissinger–Akahira–Sunose (KAS) method, Flynn–Wall–Ozawa (FWO) method, and Friedman method were consequently used to estimate the activation energy.



2.5.1. The Kissinger–Akahira–Sunose (KAS) Method


The KAS method derived from the Coats–Redfern approximation is the iso-conversional method first used to study the kinetic behaviors of fuels. The KAS method is defined in Equation (9) [41].


  ln (  β   T 2    ) = ln (   A R    E α  G ( α )   ) −    E α    R T    



(9)







From Equation (9), a plot of ln(β/T2) versus 1/T gives a linear equation with Eα/R as its slope.




2.5.2. The Flynn–Wall–Ozawa (FWO) Method


The FWO method is an integration method derived from the Doyle approximation and has been successfully applied to non-isothermal experiments [42].


  ln ( β ) = ln (   0.0048 A  E α    R G ( α )   ) − 1.0516    E α    R T    



(10)







A plot of ln(β) versus 1/T will give a slope of −1.0516 Eα/R to determine the Eα while A is obtained from the intercept.




2.5.3. The Friedman Method


The Friedman method is a differential iso-conversional method, which is the most straightforward technique to determine the effective activation energy. Let Equation (7) be rearranged into the following equation [43]:


  ln   β   d α   d T     = ln   A f  α    −    E α    R T    



(11)







At constant conversion with different heating rates, a plot of ln(βdα/dT) versus 1/T will give a straight line where the slope is used to determine the Eα while A is obtained from its intercept.





2.6. Computational Method of Thermodynamic Parameters


Thermodynamic parameters are significant in expressing the total heat content of a system during the combustion process. Thermodynamic parameters such as the exponential factor (A), enthalpy (△H), Gibbs free energy (△G), and entropy (△S) are expressed using the following equations [44,45]:


  A = β  E α  exp      E α    R  T m      / ( R  T m 2  )  



(12)






  Δ H =  E α  − R T  



(13)






  Δ G =  E α  + R ⋅  T m  ln (    K B  ⋅  T m    h ⋅ A   )  



(14)






  Δ S =   Δ H − Δ G  T   



(15)




where KB is the Boltzmann constant (1.381 × 10−23 J/K), h is the Planck constant (6.626 × 10−34 J·s), Tm is the DTG peak temperature, and β uses the heating rate of 10 °C/min.





3. Results and Discussion


3.1. Thermal Behavior of Individual Samples


3.1.1. Comparison of Humus and Original Biomass


Figure 1 shows the comparison of pine-needle humus (PH) treated for 90 days and original pine needle (PN) with respect to compositions and thermal characteristics. After 90 days of humification, the cellulose content of the sample is slightly reduced and the hemicellulose content is too small to detect (Figure 1a). The lignin content of PH is decreased by 10.45% compared with PN due to the conversion of lignin into humic substances. In appearance, PN gradually becomes numerous small particles of humus and is particularly crisp (Figure 1b). From Figure 1c, the peak around 320 °C for PN corresponds to the oxidative decomposition of light volatiles such as cellulose and hemicellulose, while PH corresponds only to the oxidative decomposition of cellulose in reaction zone I. Stage II indicates the decomposition of high-molecular-weight volatiles (such as lignin) and the combustion of partially fixed carbon [9,46,47]. Compared with PN, PH shows a peak corresponding to humus in reaction zone III. Lignocellulosic substances normally exhibit poor thermal conductivity, so the conversion of lignin into humic substances improves the combustion characteristics [48]. Meanwhile, the catalytic effect of more AAEMs after humification accelerates the combustion process of the biomass, resulting in the first weight loss peak at lower temperatures in the PH samples [8]. For cellulose, lignin, and humic acid, their firing weight loss reaches peak values of 9.9, 4.9, and 4.8%/min at 328, 435, and 521 °C, respectively, which can be used as supplementary proof (Figure S2).




3.1.2. Thermal Behavior of PN, PH, and SL under Increased O2/N2 Atmosphere


Figure 2 shows the comparison of the derivative weight loss of pure PN, PH, and SL fuels under increased atmospheric O2 concentrations from 0 to 40%. From Figure 2a, it can be seen that after the addition of O2, the peak at 332 °C splits into two distinct peaks, which are in the ranges of 396–321 °C and 417–457 °C, respectively. As presented in Figure 2b, the pyrolysis of the PH occurs in the relatively broad temperature range of 220–510 °C with a lower weight loss rate. When O2 is involved in the reaction, the broad temperature range mainly splits into three obvious peaks due to the different oxidation reactivity of each component. Almost all of these peaks shift to lower temperatures and the peaks sharpen with the increased O2 concentration, thus showing that the reactivity of volatiles from PH is augmented by adding oxygen. From Figure 2c, compared with the DTG of PH, SL has only one peak to move to lower temperatures with the increase in O2 concentration. The SL shows higher weight loss rates than the PH in different oxidation atmospheres due to the simultaneous oxidation of both volatiles and fixed carbon.



As shown in Table 2, the ignition temperature and burnout temperature of PN and PH are lower than those of SL, indicating that biomass has better ignition and burnout characteristics, but the comprehensive combustion characteristics of SL are higher than those of biomass. At the same time, due to the high oxygen content in the biomass (Table 1), it shows high reactivity. Therefore, it is speculated that blending high-reactivity biomass can improve the reactivity of SL.




3.1.3. Co-Combustion Behavior of the PN/SL Blends under Synthetic Air


Observation of the TG/DTG curves for the combustion of the blends under a synthetic air atmosphere (Figure 3) reveals that the main weight loss of all the blends occurs between 200 °C and 700 °C. Moreover, as the biomass blending ratio increases, the peak of the first weight loss peak increases and the peak of the second weight loss peak decreases; at the same time, the second weight loss peak shifts to lower temperatures. Compared to SL alone, the two fuel blends have remarkably lower ignition temperatures and higher combustion indices (Table 3), indicating improved combustion performance.



The co-combustion process of the two fuel blends is altered due to the differences between PH and PN in terms of elements and composition. The coal/humus combustion index is 13.86–17.20% higher than that of coal/pine needles, indicating that the humified pine needles improve the combustion performance of SL more than the raw biomass does. As can be seen from the blends’ DTG plot, there is little difference between the first weight loss peaks for coal/pine needles and coal/humus, but the difference between the second weight loss peaks is greater. It is worth noting that the second weight loss peak is mainly generated by lignin decomposition and fixed carbon combustion, and the fixed carbon content in PH is higher than that in PN, so the peak of fixed carbon combustion formed by co-combustion after adding PH to SL is larger than that formed by adding PN to SL. In addition, it has been shown that the addition of lignin to lignite leads to reduced combustion reactivity [38]; therefore, the reduced lignin content of humified pine needles is also more conducive to promoting combustion. Meanwhile, the high content of AAEMs in PH could function as a catalyst to promote the reaction, allowing for rapid and adequate combustion of lignite; the lower content of volatiles, N, and S in PH would facilitate clean combustion conditions. Therefore, humus could be a potential fuel to improve coal combustion performance and reduce pollution.





3.2. Co-Combustion Behavior of the PH/SL Blends under Increased O2/N2 Atmosphere


Figure 4 shows the comparison of TG/DTG of pure PH and SL fuels and their blends under the increased atmospheric O2 content from 0 to 40%. With the increased O2 concentration, the two peaks sharply increase from the DTG profiles and the amount of residue at the end of combustion gradually decreases from the TG profiles. The two peak temperatures of the blend (e.g., HBR50%, Tp1 = 280 °C, Tp2 = 362 °C) are lower under 40%O2/60%N2 compared to the others, indicating that enough oxygen can accelerate the interactions between PH and SL. On closer inspection, only two wide peaks are observed under the N2 atmosphere due to the simultaneous reaction of both lignin and humus during an oxygen-free atmosphere. The addition of oxygen advances the reaction of lignin in the humus, and consequently, the third peak of the humus is independent. With the increased O2 content from 10% to 40%, for HBR20%, the variation in the ignition temperature (Ti) is 82.1 °C but the variation in the burnout temperature is 55.8 °C, while for HBR80%, the variation in Ti is 32.5 °C but the variation in Tb (burnout temperature) is 38.9 °C, as shown in Table 4. This can be attributed to the different sensitivity of the fuels to oxygen. Despite the increase in oxygen content, less oxygen reacts with the SL due to the high reactivity of the PH, thus hindering the improvement of combustion characteristics. This demonstrates that there is an optimum blending ratio for the highest combustion characteristics in an O2/N2 atmosphere. Therefore, the O220%/N280% atmosphere is chosen as a reference to analyze the effect of the blending ratio on combustion characteristics (Figure 4c) because the oxygen concentration reaches an industrial value. It has been widely noted that the DTG peak height (R) corresponding to the maximum weight loss rate is directly proportional to the reactivity, whilst the peak temperature (Tp) corresponding to the peak height is inversely proportional to the reactivity of the fuels [49]. To analyze the thermal characteristic of the samples, the combustion reactivity index (Rc) is defined as the value of Σ103Ri/Tpi (i = 1, 2, 3) for all peaks and is used to express reactivity. The order of reactivity (Rc) of the samples during the whole combustion is HBR20% (33.4) > HBR50% (29.7) > PH (28.9) > HBR80% (28.6) > SL (28.2). This result indicates that the combustion reactivity of the blend is improved by adding an appropriate amount of PH during the O220%/N280% atmosphere. Meanwhile, the reactivity is less than pure PH at a 80% PH content in the blend, implying that a high content of PH in the blends may not be of benefit to the reactivity. This can be attributed to the fact that more carbonaceous deposits generated from the lignin volatiles may cover the surface of the low-rank coal particles at lower temperatures, thus impeding the mass transfer [50]. It is concluded that a proper blending ratio should be considered first before improving the combustion reactivity of the blend by increasing the oxygen content.



In fact, the purpose of the humification is to reduce the lignin content of poor heat transfer in the biomass, which improves the combustion characteristics and shortens the burnout time. Moreover, humus converted from lignin can also produce intermediates (e.g., phenoxy radicals), inducing the dense and heat-resistive structural components of low-rank coal to decompose [51,52]. The lignin in biomass being converted to a humus during co-thermochemical conversion is an efficient route to optimize heat transfer.




3.3. Synergistic Interaction of PH and SL under Increased O2/N2 Atmosphere


The relative deviation (δW) between the experimental TG curve and the calculated TG curve is used to express the synergistic effect of coal and humus co-combustion. When δW is close to zero, it indicates that the experimental and calculated values are not significantly different and that there is a limited synergistic effect from blend co-combustion. When δW is positive, PH and SL co-combustion appears as a negative synergy, and when δW is negative, it is a positive synergy. The relative deviations with respect to TG curves of the blends in four atmospheres are shown in Figure 5. It is observed that the peak of δW dramatically increases by about 80 times with an increased O2/N2 atmosphere. The peak of δW is extremely significant in the range of 600–700 °C under an N2 atmosphere, 550–680 °C under a 10%O2/90%N2 atmosphere, 390–450 °C under a 20%O2/80%N2 atmosphere, and 300–340 °C under a 40%O2/60%N2 atmosphere. Obviously, with an increased O2 content, the temperature ranges of peaks gradually shift to the low-temperature zone. This suggests that the addition of more oxygen leads to the early occurrence of synergy. The oxygen-rich atmosphere is beneficial to activating the carbonaceous deposits covering the surface of particles, thus accelerating decomposition and facilitating mass transfer. With the increased O2 content, the blending ratio corresponding to peak value declines from 80% to 20%, but the optimal blending ratio is about 50% under a 40%O2/60%N2 atmosphere. It is apparent that the coupling interactions of composite factors (the blending ratio and oxygen content) lead to the nonlinear variation in the synergistic effect. This indicates that both the oxygen concentration and blending ratio play a vital role in synergistic interactions between PH and SL. Due to the different sensitivity of the fuels to oxygen, PH volatiles clogged in the gap between particles and attached to the particle’s surface at lower temperatures can be decomposed earlier. Hence, the ratio of biomass in blended fuel can be increased by properly increasing the oxygen concentration in co-combustion, which can reach an optimal degree of synergistic effect.




3.4. Discussion on the Kinetics


3.4.1. Calculation of Apparent Activation Energy


The preceding discussion has confirmed the presence of synergy between PH and SL and that the significance of the interaction depends on the oxygen concentration and blending ratio during co-combustion. Under the 20%O2/80%N2 atmosphere, the blending ratio of PH reaches a minimum (HBR20%) that is closest to the industrial value. In this study, the Eα values of PH, SL, and the blend (HBR20%) are investigated by the methods of FWO, KAS, and Friedman in four atmospheres.



Table 5 shows changes in Eα values of HBR20% as a function of four atmospheres. As pointed out earlier, the three α ranges of 0.1–0.35, 0.4–0.75, and 0.8–0.9 correspond to the three combustion stages of cellulose, lignin and volatiles of coal, and residual lignin and humus, respectively. Despite the different atmospheres, the Eα values estimated by the KAS method have similar trends (Figure 6a). The mean Eα values of the blend in the whole stages follow the order: lignin and volatiles of coal > residual lignin and humus > cellulose. The lower mean Eα value of HBR20% in 20%O2/80%N2 compared to the other atmospheres (Figure 6b) suggests that the extent of synergy does not depend solely on the oxygen content. This may be explained by the different sensitivity of the substances to oxygen.




3.4.2. Discussion on Thermodynamic Parameters


To help better understand the co-combustion of the blend, the thermodynamic parameters (ΔH, ΔS, and ΔG) based on the Eα values are obtained by KAS methods. Figure 7 shows the Eα, ΔH, ΔS, and ΔG versus α for the samples under different atmospheres. For example, under the oxygen-rich atmosphere, the Eα of the blend (HBR20%) increases from 111.27 to 175.67 kJ/mol (0.2 < α < 0.5); when α is greater than 0.5, Eα begins to decrease and finally reaches 132.33 kJ/mol (Figure 7a). Table 6 lists the thermodynamic parameters of partial samples in the four atmospheres. The Eα value first decreases and then increases with the increased O2 concentration. The vital factors affecting the reaction activation energy could be the reduced concentrations of active molecules, the limitation of diffusion, and the involvement of organic impurities [53]. The heat released from the oxidation of the char soars with the O2 concentration, promoting the thermal effect during co-combustion. The actual energy required for the combustion process is enhanced due to the increased crystal size and ash content of char. In the present study, the results show that E reaches its minimum in the O220%/N280% atmosphere.



The changes in △H demonstrate the energy difference between the fuels and the activated complex [54]. As listed in Table 6, the average values of △H for SL, PH, and the blend are 105.35, 136.68, and 99.57 kJ/mol, respectively. The results suggest that a lower heat energy is required for the dissociation of the bonds in the combustion of the blends compared to the individual samples, which is in accordance with estimates of the activation energy. In addition, the average values of △H and Eα for SL, PH, and the blend (HBR20%) under O220%/N280% change in a narrow interval, indicating that there is a limited potential energy barrier to impede the formation of the activated complex [54].



The positive value of ΔS indicates an increasing degree of disorder in the reaction products [55]. The high activation entropy means the material is far from its own thermodynamic equilibrium. After 50% conversion, the △S for the blend (HBR20%) under different atmospheres decreases, indicating that the co-combustion state is near their thermodynamic equilibrium and the degree of disorder of products declines [56]. For HBR20%, the ΔS value of the O240%/N260% atmosphere reaches 106.22 J/(mol·K), higher than those of the other atmospheres in Table 6. This indicates that the higher O2 concentration restrains the co-combustion process. The changes in △G illustrate the total increase in energy of the system for the formation of the activated complex. As a comprehensive evaluation of the degree of reaction, a lower △G value indicates a higher favorability of reaction [57]. The average values of △G for SL and PH are 176.09 and 156.36 kJ/mol, respectively. Based on the ∆G values of SL and PH and the proportion of the blend, the theoretical value of ∆G for the blends calculated by the weighing average method is 172.14 kJ/mol, which is higher than the experimental ∆G (169.82 kJ/mol) for the blends. This is attributed to the involvement of synergistic effects in the co-combustion process.






4. Conclusions


The study showed that the increased fixed carbon and AAEM content and reduced lignin content of the humified biomass resulted in improved combustion performance of the humus. The combustion performance after the co-combustion of coal/humus was 13.9–17.2% higher than that of coal/pine needles. Further analysis of the effect of mixing ratio and oxygen concentration on coal/humus combustion performance revealed that when the PH blending ratio was increased from 20% to 80%, the ignition temperature was reduced by 3.7–16.9% and the burnout temperature by 0.5–3.2%. The enhancement of combustion characteristics in the co-firing of humus with coals was proved with up to an 11.1–23.3% reduction in ignition temperature and up to a 6.5–9.0% reduction in burnout temperature with an increased O2 content from 10% to 40%. With the increase in the oxygen concentration from 0% to 40%, the degree of synergistic effect increased to nearly 80-fold, and the synergy effect did not change linearly with the blending ratio. The slight difference between ΔH and Eα (5.05–5.68 kJ/mol) showed that coal/humus is prone to co-combustion products. The higher ΔS value (106.22 J/(mol·K)) in O240%/N260% compared to other atmospheres implied a higher combustion reactivity of the humified biomass in the oxygen-rich atmosphere. It has been shown that the co-combustion performance of low-rank coals can be improved by adjusting the oxygen concentration and co-mingling ratio. This study provides a reference for further research into the co-combustion of humic substances with coal.
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Figure 1. The difference between before and after biomass humification: (a) compositions, (b) images, and (c) DTG curves of samples (20%O2/80%N2). 
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Figure 2. DTG curves of the (a) PN, (b) PH, and (c) SL under different atmospheres with β = 10 °C/min. 
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Figure 3. DTG−TG curves of the (a) coal/pine needle blends and (b) coal/humus blends under synthetic air. 
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Figure 4. DTG−TG curves of the blend under different atmospheres: (a) N2, (b) 10%O2/90%N2, (c) 20%O2/80%N2, and (d) 40%O2/60%N2. 
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Figure 5. Relative deviations of the blend under different atmospheres: (a) N2, (b) 10%O2/90%N2, (c) 20%O2/80%N2, and (d) 40%O2/60%N2. 
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Figure 6. Activation energy of HBR20% in four atmospheres as a function of α according to (a) the KAS method and (b) three model-free methods. 
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Figure 7. Changes in (a) E, (b) ΔH, (c) ΔS, and (d) ΔG of samples as a function of α. 
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Table 1. Characteristics of SL, PN, and PH.
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	SL
	PH
	PN





	Proximate analysis (wt.%, ad)
	
	
	



	Moisture
	10.21
	12.51
	16.36



	Volatile matter
	33.35
	49.49
	51.25



	Ash
	17.22
	13.91
	12.31



	Fixed carbon
	39.23
	24.09
	20.08



	HHV (higher heating value), MJ/kg
	19.38
	19.46
	16.37



	Ultimate analysis (wt.%, daf)
	
	
	



	C
	71.11
	54.73
	49.84



	H
	5.82
	7.46
	9.16



	O
	20.72
	36.26
	38.94



	N
	1.21
	1.54
	2.02



	S
	1.14
	0.01
	0.04



	Ash composition (wt.%, ad)
	
	
	



	Na
	1.24
	2.65
	1.95



	K
	0.91
	12.76
	9.88



	Ca
	6.74
	39.63
	34.54



	Mg
	0.45
	5.18
	3.82



	Si
	61.59
	12.45
	12.38



	Al
	15.86
	8.95
	10.69



	Fe
	5.86
	8.83
	9.97



	Sr
	2.10
	3.16
	3.81



	Zn
	0.03
	1.13
	1.95



	Mn
	0.04
	0.33
	1.65



	S
	5.19
	0.63
	1.12



	Cl
	0.12
	3.12
	4.72



	P
	0.26
	1.18
	3.52







ad—air-dried basis; daf—ash-free basis.
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Table 2. Combustion characteristic parameters of PN, PH, and SL (20%O2/80%N2).
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	Sample
	Ti (°C)
	(dw/dt) Max (%/min)
	(dw/dt) Mean (%/min)
	Tb (°C)
	S (10−7 min−2 °C−3)





	PN
	260
	−6.09
	−1.12
	672
	1.50



	PH
	267.5
	−5.15
	−1.43
	604
	1.70



	SL
	368.7
	−10.27
	−2.06
	676.1
	2.30
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Table 3. Combustion characteristic parameters of coal/pine needle blends and coal/humus blends (20%O2/80%N2).
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	Sample
	Ti (°C)
	(dw/dt) Max (%/min)
	(dw/dt) Mean (%/min)
	Tb (°C)
	S (10−7 min−2 °C−3)





	NBR20%
	282.1
	−8.93
	−2.42
	627.3
	4.33



	NBR50%
	270.9
	−7.30
	−2.10
	641.9
	3.25



	NBR80%
	263.6
	−3.87
	−1.85
	653.6
	1.57



	HBR20%
	316.5
	−11.99
	−2.40
	582.7
	4.93



	HBR50%
	305.4
	−9.26
	−2.22
	580.4
	3.80



	HBR80%
	285.5
	−4.79
	−1.84
	587.7
	1.84
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Table 4. Combustion characteristic parameters of samples.
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	Sample
	Ti (°C)
	Tp1 (°C)
	Tp2 (°C)
	Tp3 (°C)
	Tb (°C)
	Mf (%)





	SL (O220%/N280%)
	368.7
	-
	396.9
	-
	676.1
	22.85



	PH (O220%/N280%)
	267.5
	306.3
	359.5
	491.7
	604.3
	15.57



	HBR20% (O210%/N290%)
	351.7
	-
	389.6
	-
	618.6
	18.45



	HBR20% (O220%/N280%)
	316.5
	329.4
	382.7
	-
	582.7
	18.23



	HBR20% (O240%/N260%)
	269.6
	288.5
	365.5
	-
	562.8
	17.73



	HBR50% (O210%/N290%)
	311.7
	329.4
	388.5
	505.4
	609.5
	17.91



	HBR50% (O220%/N280%)
	305.4
	321.1
	378.3
	498.5
	580.4
	17.59



	HBR50% (O240%/N260%)
	262.1
	280.2
	362.2
	-
	566.2
	16.73



	HBR80% (O210%/N290%)
	292.1
	319.8
	396.1
	502.1
	598.7
	17.25



	HBR80% (O220%/N280%)
	285.5
	315.5
	372.1
	501.7
	587.7
	17.02



	HBR80% (O240%/N260%)
	259.6
	281.7
	361.9
	-
	559.8
	16.28
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Table 5. The Eα values of HBR20% in four atmospheres as a function of α by the KAS method.
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α

	
N2

	
10%O2/90%N2

	
20%O2/80%N2

	
40%O2/60%N2.




	
Eα

	
R2

	
Eα

	
R2

	
Eα

	
R2

	
Eα

	
R2






	
0.1

	
77.58

	
0.9585

	
69.78

	
0.9754

	
79.68

	
0.9631

	
98.83

	
0.9702




	
0.2

	
100.36

	
0.9621

	
83.44

	
0.9798

	
96.12

	
0.9698

	
111.27

	
0.9711




	
0.3

	
125.15

	
0.9845

	
124.46

	
0.9896

	
106.67

	
0.9798

	
122.64

	
0.9732




	
0.4

	
177.36

	
0.9825

	
162.34

	
0.9842

	
113.12

	
0.9792

	
141.49

	
0.9872




	
0.5

	
197.63

	
0.9867

	
178.03

	
0.9861

	
121.43

	
0.9887

	
175.67

	
0.9876




	
0.6

	
183.92

	
0.9923

	
175.28

	
0.9846

	
120.36

	
0.9886

	
170.10

	
0.9843




	
0.7

	
156.34

	
0.9906

	
155.45

	
0.9888

	
114.49

	
0.9868

	
144.54

	
0.9844




	
0.8

	
137.23

	
0.9912

	
132.09

	
0.9944

	
107.20

	
0.9866

	
132.33

	
0.9836




	
0.9

	
113.06

	
0.9906

	
120.37

	
0.9927

	
106.55

	
0.9687

	
130.74

	
0.9699
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Table 6. Thermodynamic and kinetic parameters of samples in four atmospheres (β = 10 °C/min).
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	Sample
	Eα(kJ/mol)
	ΔH (kJ/mol)
	ΔS (J/(mol·K))
	ΔG (kJ/mol)





	SL (O220%/N280%)
	110.94
	105.35
	34.85
	176.09



	PH (O220%/N280%)
	141.73
	136.68
	109.85
	156.36



	HBR20% (N2)
	154.00
	148.32
	98.17
	177.82



	HBR20% (O210%/N290%)
	144.44
	139.11
	97.16
	165.78



	HBR20% (O220%/N280%)
	105.20
	99.57
	25.79
	169.82



	HBR20% (O240%/N260%)
	142.58
	137.48
	106.22
	157.73



	HBR50% (O220%/N280%)
	131.14
	125.80
	34.85
	166.68



	HBR80% (O220%/N280%)
	137.19
	132.01
	109.85
	161.03
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