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Abstract

:

Torrefaction of almond shells and olive stones, which are typically considered agricultural waste in the southern regions of the European Union, was investigated in this work for application as reducing agents in the metallurgical industry. Four different temperatures were tested: 250, 280, 300 and 350 °C. The evolution of the solid yields with the temperature was determined with TGA measurements. This showed that the duration of torrefaction should not exceed 45 min. The kinetic profiles were successfully fitted using the pseudo-first-order rate equation (PFORE). Then, torrefaction for 45 min was systematically carried out at every temperature and for each resource in a laboratory-scale batch device. The raw and torrefied biomasses were characterized using proximate, ultimate and calorific analyses. The carbon/oxygen ratio and the heating values were increased as a result of the torrefaction severity (from 20 MJ/kg for both raw biomasses to 30 MJ/kg at 350 °C). The highest mass losses were obtained at the highest temperature (67.35 and 65.04 %w for almond shells and olive stones, respectively, at 350 °C). The fixed carbon value also increased, being higher than 67 %w for torrefaction at 350 °C. The large-scale torrefaction at 350 °C (45 min) of these biomasses was carried out in a continuous pilot plant. The solids were characterized as well, and their properties were close to those of the biomasses torrefied in the laboratory-scale batch reactor under the same conditions. This thermal treatment provided biochars with all the required properties to be used as reducing materials in metallurgy.
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1. Introduction


The over-exploitation of fossil-based energy worldwide has progressively increased in the last century and has led to an increase in CO2 anthropogenic emissions. Energy-Intensive Industries (EIIS), which include metallurgical industries, are some of the main contributors to this increase in CO2 emissions. The International Energy Agency reported in 2018 that for every ton of steel produced, 1.9 t of CO2 is released into the environment [1].



Consequently, environmental solutions are urgently required to mitigate the impact of using fossil fuels. Thus, green energy schemes have been worldwide developed for achieving this goal, which are essentially associated with solar, wind, ocean, geothermal and biomass resources [2]. Special consideration has to be given to biomass-based energy, as it supplies 10% of the primary energy demand [3].



The use of biomass in metallurgy could be a solution to decrease fossil-based CO2 emissions. The carbon content of raw biomass is lower than in coals and coke, used in metallurgical processes, whereas the oxygen content is higher in raw biomass when compared to coals and coke. In order to treat biomass for reducing agent purposes [4,5], there is a need for efficient technologies to obtain biomass-based products with high carbon content and low oxygen content, as well as to reduce the moisture content of the biomass. One of these promising technologies is to thermally treat the biomass.



A thermal treatment carried out between 250 and 350 °C lies partly in the temperature range of torrefaction. Torrefaction is a thermochemical process typically operated between 200 and 300 °C under the absence of oxygen. During torrefaction, biomass is converted into torrefied biomass, also called biochar. Torrefied biomass presents upgraded properties compared to raw biomass due to the destruction of the fibrous structure and the change in rotting behavior. Furthermore, the initial energy content is mainly preserved within the solid after torrefaction [6].



Partial substitution of coal and coke in blast furnaces with biomass seems to be one promising approach to mitigate CO2 emissions [4]. In metallurgical processes, it also seems that the most suitable raw materials would be woody biomasses. The reason lies in the fact that the ash and sulfur contents are usually low. Moreover, the amount of alkali elements (such as potassium or sodium) within ash contained in wood is usually under the critical limit. The target requirements for charcoals as reducing agents in metal processing and recycling are, as much as possible, the highest fixed carbon content and the lowest volatile matter content. However, woody biomasses are very expensive and often unavailable, whereas agricultural biomasses are cheaper and more readily available in large quantities. Currently, non-woody biomasses are often burnt or deposited for disposal [5,7,8,9].



To our knowledge, no research has yet been carried out on the potential use of non-woody biomass for reducing agent purposes in non-ferrous metallurgy. Nevertheless, one work [4] has mentioned non-woody biomass as a promising source to produce reducing agents for ferrous metallurgy; however, no type of bioresource is specified. Different types of agricultural biomass have been used for sintering [10]: hazelnut shell and rice husk [11]; sunflower briquettes, almond nut shells, hazelnut shells, rape straw and rape seed [12]; and sunflower seed husk [13].



Different potential pathways exist to produce reducing agents from biomass via thermochemical conversion [14]. One of these pathways is the above-mentioned torrefaction. However, to our knowledge, torrefaction has not been investigated as a process to thermo-chemically convert biomass for reducing agent purposes. This work was performed within the framework of the DIGISER++ project (funded by EIT Raw Materials, project agreement no. 19145-DIGISER++), which promotes the shift from fossil to renewable resources with underutilized resources for energy carriers, including harvesting residues from agriculture and the forestry industry. The main goal of the DIGISER++ project is the valorization of metallic wastes coming from a copper smelting and refining process with a patented technology, to recover ZnO-rich concentrates and valuable metals, thus contributing to the reduction of the dependency on minerals.



The first objective of the present work was to investigate the torrefaction conditions required to manufacture a biomass-based reducing agent, to be used in metallurgical furnaces, from two types of agricultural residues: almond shells and olive stones. The characterization data of the materials (before and after torrefaction) will be presented. These biomasses were selected for three main reasons: (i) their low ash content; (ii) after torrefaction, the resulting biochar presents an elevated fixed carbon content [4]; (iii) their high availability in the Southern regions of Spain, which is in proximity to the end-user of the DIGISER++ project technology (Atlantic copper S.L.U., located in Huelva, Spain). Note that the temperature range was extended up to 350 °C, which is above the usual upper limit of torrefaction. In what follows, the term torrefaction is still used to refer to any thermal treatment of biomass, even above 300 °C. To test different conditions of torrefaction, an instrumented laboratory-scale device was used. Once the best conditions were identified, the large-scale production of torrefied biomass was carried out in a continuous reactor (multiple-hearth furnace). The second objective of this work was also to assess whether the process of production of biochars may be upscaled from the laboratory to the pilot scale.




2. Materials and Methods


2.1. Biomass Analysis


The raw biomasses were provided by Iberia Bioenergy S.L. (Granada-Spain). Samples were ground below 300 μm according to the standard method NF EN ISO 14780 for raw biomasses, and according to the standard method NF EN 15413 for torrefied biochars. Table 1 shows the proximate and ultimate analyses of the biomasses.




2.2. Torrefaction at Laboratory Scale


The preparation of the biochar materials was carried out using a programmable laboratory furnace (CARBOLITETM CWF 12/13, dimensions: 325 mm × 200 mm × 200 mm, provided by Fisher Scientific SAS part of Thermo Fischer Scientific Inc., Illkirch, France). An internal device was specially conceived in order to maintain the inert atmosphere of the process for developing the torrefaction assessments.



Figure 1 represents the scheme of the equipment, in which a fixed amount of biomass (20 g) was placed in contact with a stable nitrogen flow rate (2 L min−1) in order to maintain a low oxygen content (<5%). The device was equipped with eight thermocouples (T1, T2, T3, T4, T5, T6, T7, T8) for monitoring the temperature profiles in different zones of the apparatus. Four torrefaction conditions were considered, (i) 250 °C, (ii) 280 °C, (iii) 300 °C, (iv) 350 °C, with a residence time higher than 45 min.



The gases produced during torrefaction were efficiently evacuated from the process by an extraction system installed on the top of the furnace. At the end of the process, a certain amount of condensates was observed on the walls of the extraction pipes. The torrefied biomass was cooled down in a nitrogen stream until a temperature of 40 °C was reached, and then it was collected for characterization.




2.3. Torrefaction at Pilot Scale


Torrefaction at pilot scale was carried out using a vertical furnace with multiple hearths (internal diameter 1.82 m, hearth height 0.74 m; including a rotatory shaft with internal diameter 0.42 m) provided by CMI Group technology (Seraing, Belgium). The column was equipped with six hearths or stages, in which two burners by stage were present, achieving temperatures in the range of 200 to 350 °C. An internal rabbling system ensured the transport and the displacement of the biomass through the hearths [15]. Figure 2 shows the scheme of this torrefaction pilot plant.



Before feeding the furnace with the raw biomass, it was first heated for 40 h until the temperature chosen to operate torrefaction was reached. The input flow rate of biomass (Q) was set at Q ≥ 60 kg h−1 (during 32 h of working time). The following torrefaction conditions were considered: 350 °C with a residence time of 45 min. The torrefied biomass exiting the oven was cooled down into two successive screw conveyors and finally collected in airtight containers of 1 m3 volume (which was swept by a nitrogen stream to maintain low oxygen content, <5%). The mass and energy yields of the tests were then calculated, and the torrefied biomass was characterized.




2.4. Characterization of the Materials


The raw and torrefied biomasses were ground by a cross-beater mill SK 100 (RETSCH, Haan, Germany) for characterization analyses; the particle size of the materials was reduced to 0.1 mm < Sp < 0.5 mm. The average particle size (Sp) was systematically checked with a dynamic image analyzer (CAMSIZER XT equipment) from RESTCH (Eragny, France).



2.4.1. Thermal Gravimetric Analyses (TGA)


Thermal gravimetric analyses were performed under a N2 atmosphere (with a flow rate of 50 mL min−1) at a heating rate of 10 °C min−1 using TGA-92 equipment (SETARAM instrumentation, Caluire-et-Cuire, France). Samples of 8 mg were degraded within a temperature range of 30–350 °C.




2.4.2. Elemental Analyses


Elemental analyses were carried out with a Vario EL cube instrument (ELEMENTAR, Langenselbold, Germany). The weight content of the main elements (such as carbon, hydrogen, nitrogen and sulfur) was determined by the equipment in three replicated analyses to validate the repeatability of the results (the standard deviation was in the order of ±5%). The standard procedures presented in Table 1 were followed.




2.4.3. Calorimetric Analyses


A 6200 isoperibol oxygen bomb calorimeter (Parr Instrument, Moline, IL, USA) was used to determine the higher heating values (HHV) of the raw and torrefied biomasses. The ignition of 1 g of dried sample under an oxygen atmosphere was performed under a pressure of 30 bar. Benzoic acid (Merck, Darmstadt, Germany) was used to calibrate the heat capacity of the calorimeter [16].




2.4.4. SEM-EDX Analyses


The samples were analyzed using a Philips XL-30 microscope (Philips Electron Optics BV, Eindhoven, The Netherlands); the specialized scanning electron microscope (SEM), with low-vacuum and high-vacuum modes, is capable of analyzing samples under low pressure (<5 × 10−4 Pa). The objective lenses of the XL series have optimum performance for both the imaging and micro-analysis of specimens; this makes it ideal for the monitoring of manufacturing processes, as well as for routine operations. A high magnification is easily obtained (which improves the study of several types of micro/nano-structures). The microscope is also equipped with an Energy Dispersive X-ray (EDX) spectrometer (INCA 250, Oxford instruments, Oxfordshire, UK) for chemical analyses.






3. Results and Discussion


3.1. Thermal Gravimetric Analyses (TGA)


Figure 3 reports the mass loss evolution as a function of time (kinetic profiles) for the thermal conversion of almond shells and olive stones, respectively. The results show that both biomasses experienced similar mass loss during torrefaction at the same temperature. Differences in mass loss were lower than 5 %w between the biomasses (under the same torrefaction conditions). In all cases, mass loss was stable after 45 min of torrefaction, which was chosen as the reference duration of torrefaction. Three general stages can be distinguished in the curves of Figure 3:




	
Stage 1: Corresponds to the increase in temperature from room temperature until around 200 °C. During this stage, mainly the loss of volatiles and water occurs, and the mass loss is similar for all temperatures and biomasses, reaching a maximum of 7 %w.



	
Stage 2: Corresponds to the increase in temperature from around 200 °C until the torrefaction temperature. There is significant mass loss during this stage; the higher the temperature, the higher the mass loss. At 350 °C, the total mass loss reaches almost 70 %w for both biomasses. Significant differences among temperatures can be observed, reaching up to 20 %w. The higher the temperature, the more significant this mass decrease and the longer this stage is.



	
Stage 3: Corresponds to the decrease in temperature from the torrefaction temperature to the room temperature. During this stage, there is no significant mass loss, being lower than 5 %w for all temperatures and biomasses. The higher the temperature, the later this stage takes place.








In summary, the results demonstrated that increasing the torrefaction time leads to a mass loss increase until a pseudo-plateau is achieved. The curves in Figure 3 have the typical shape of the pseudo-first-order reaction plots. Thus, the pseudo-first-order model rate equation (PFORE) [8,9] was adapted and tested in order to describe the thermal conversion of the biomass in the temperature range of 200–350 °C. Although the principles of the original model are different, the equation allows description of the kinetic profiles as a progressive rate in which an equilibrium state is reached (plateau).



The relative mass loss (Wt) is defined as the ratio (%w) between the mass at the time t (mt) and the initial mass of the sample (m0) [17]:



Equation (1). Relative mass loss.


   W t  = 100 −   100 ×      m t     m 0         



(1)







Similarly, the relative mass loss at the equilibrium time (Wp) is defined as the ratio (%w) between the mass at the plateau (mp) and the initial mass of the sample (m0).



Equation (2). Relative mass loss at the equilibrium time.


   W p  = 100 −   100 ×      m p     m 0         



(2)







The variation in the relative mass loss as a function of time is defined as follows.



Equation (3). Variation in relative mass loss.


      dW  t    dt   = K    W p  −  W t     



(3)




where K is the kinetic constant expressed in min−1, t is the torrefaction time expressed in min, and the mass of the samples is expressed in mg. Equation (3) states that the rate of thermal conversion is directly proportional to the distance to the plateau (Wp − Wt); this distance is higher at time t = 0, in which Wt = 0, and decreases with time until the equilibrium is reached, Wp − Wt = 0. The integration of Equation (3) gives the following.



Equation (4). Empirical equation [17].


   W t  =  W P    1 −  e  − Kt      



(4)







The constants obtained from the fit of this model to the experimental results are reported in Table 2. The temperature has a greater impact on the mass yield than the torrefaction time. Equation (5) can be used to describe the relationship between the TGA (at laboratory scale) and a larger-scale production furnace (e.g., pilot-scale torrefaction furnaces).



The values of the kinetic constant (KT) were found to be two times greater for the process at 350 °C (Table 2) than that obtained at 250 °C, which is in agreement with the literature [17]. As expected, the increase in temperatures contributes to accelerating the thermal degradation of the biomasses studied in this work; consequently, at higher torrefaction severity, the values of KT are greater.



The weight loss values reported in Table 2 (TGA curves) correspond to the maximum mass losses, which are achieved at the equilibrium plateau; PFORE can effectively be used for fitting the experimental data. The maximum weight loss is obtained at 350 °C (i.e., 67.35% and 65.04% for almond shells and olive stones, respectively); the residual biochar is highly concentrated in carbon.




3.2. Torrefaction at Laboratory Scale


The temperature profiles of the torrefaction process (by using the laboratory-scale device) are plotted in Figure 4 and Figure 5. Three zones can be clearly distinguished in the plots (at 300 and 350 °C): (i) a first zone in which the curves progressively increase (at 10 °C/min) until the set temperature is reached; (ii) a second zone in which a characteristic peak is observed (detected by the thermocouples T1 and T3, installed in the core of the device). This is the effective zone of the process; the temperature is stabilized by the appearance of a plateau and the torrefaction of the biomass is carried out. Finally, there is (iii) a third zone in which the curves decrease as a result of the cooling of the process (meaning that the torrefaction of the biomass is complete and the samples can be collected from the furnace).



At 300 and 350 °C (zone 2), a thermal runaway of the biomass is observed since a temperature peak occurs in the particle bed. This thermal runaway may be due to the hemicelluloses’ degradation, which is exothermic [18]. Recent work explains that exothermicity is linked to the heterogeneous secondary reactions of volatile species. This is in agreement with the results presented by Di Blasi et al. [19]; the lowly porous structure of the particle may impact on the secondary reactions of the process. Thus, in a biomass matrix structure (with low porosity), the retention time of the produced gases during torrefaction is higher, which could contribute to increasing the charring reactions (and the associated exothermicity) [19].



Interestingly, the peak at 350 °C is higher than that obtained at 300 °C. The results indicate that the peaks’ height can be associated with the amount of produced volatile species (obviously, at 350 °C, the cellulose is more degraded than at 300 °C). The initial amount of almond shell and olive stone samples is the same (~20 g) and the particle size distribution is similar in both studies. The average weight loss (AWL) has been compared with that obtained with TGA tests (Table 3), and the results are reproducible.




3.3. Characterization of the Materials


The characterization results (ash content, higher heating values (HHV) and elemental analyses) obtained for raw and torrefied biomasses are reported in Table 4. As expected, after torrefaction, the oxygen/carbon and hydrogen/carbon ratios have decreased as a consequence of the by-product formation during the decomposition steps of macromolecular components (into condensable and permanent gases). From the Van Krevelen plot (Figure 6 and Figure 7), the O/C ratio is more affected than the H/C ratio (the O/C of both biomasses decreased from 0.60 to 0.16 at 350 °C). The temperature contributes to the densification of carbon concentration, which also favors the formation of energetically dense materials. The HHV increases from 20 MJ kg−1 (raw biomasses) to 30 MJ kg−1 (at 350 °C). The greater fixed carbon (FC) values indicated that the biomasses torrefied at 350 °C (with 68% of FC) are the most interesting materials for replacing fossil coal in the metallurgical industries.



The experimental higher heating values (HHV) were compared with the predicted values obtained from the equation suggested by [20]. Equation (5) allows the accurate prediction of the energy content of the biomass by using its elemental composition.



Equation (5). Energy content of biomass calculated from its elemental composition.


  HHV = 3.55  C 2  − 232 C − 2230  H    + 51.2  CH    + 131  N    + 20600  



(5)




where HHV is the higher heating value expressed in kJ kg−1; C, H and N are the mass contents (%w) of carbon, hydrogen and nitrogen, respectively. Figure 6 and Figure 7 report the comparison of experimental HHV and theoretical HHV (estimated by Equation (5)).



Figure 8 shows the linear dependence of the fixed carbon content with the total carbon content, for the samples that were submitted to different thermal treatments, including the untreated sample. The slope of the linear regression is 1.8, indicating that, for every percent of carbon content gained after torrefaction, the fixed carbon content is increased by almost 2%.



Figure 9 shows that the fixed carbon content varies linearly with the torrefaction temperature. By extrapolating this relation, it can be deduced that the biomass should be treated at 400 °C to reach 85% of fixed carbon (in the treated solid). This temperature level lies above the upper admissible limit of the torrefaction pilot-plant furnace. Furthermore, the ash content in this solid will also increase, and could be higher than a typical reducing agent used in the metallurgy industry (e.g., anthracite). Thus, the torrefaction temperature chosen in this work was 350 °C.




3.4. SEM-EDX Analyses


SEM micrographs were obtained to examine the topography of the materials’ surfaces. Figure 10 and Figure 11 show the morphology of the biomasses (before and after torrefaction). As a function of the torrefaction severity, some cavities were found around the entire surface. At higher torrefaction temperatures, wide holes were obtained. These observations are in agreement with the results reported by [17], who suggested that the gas generated during the process opened the pores, becoming larger than those of the original raw biomass.



Thus, the torrefaction process can be used for conditioning the surface of agricultural waste (such as almond shells and olive stones). The resulting materials could have potential uses as sorbents in water treatment and gas cleaning applications.




3.5. Torrefaction at Pilot Scale


Both almond shells and olive stones were torrefied at 350 °C for 45 min at pilot scale. Figure 12 shows the raw biomasses (A, B), as well as the corresponding biochars (C, D), after torrefaction. Table 5 shows the mass balance of the torrefaction at pilot scale. The obtained mass loss (on dry basis) was 63 %wdb for almond shells and 61 %wdb for olive stones. The mass loss (on dry basis) in the laboratory-scale furnace was 64 %wdb for almond shells and 62 %wdb for olive stones. Despite the relatively large uncertainties regarding the values of the mass loss at pilot scale, the solid yield measured at laboratory scale was very similar to the mass loss values obtained at pilot scale. The bulk density was lower and the porosity higher for almond shells than for olive stones.



Figure 13 shows the overall mass balances of almond shells and olive stones, respectively. The solid yield corresponds to the biochar, the condensable yield corresponds to the condensable or non-permanent gases, and the dry gas yield corresponds to the permanent gases. The condensable yield was estimated to be around 38% for both biomasses.



Table 6 shows the proximate and ultimate analyses of almond shells and olive stones torrefied at 350 °C. The moisture content was almost zero for both almond shells and olive stones, due to the change during torrefaction from a hydrophilic to a hydrophobic material. The ash content in both torrefied biomasses was higher than in raw biomasses since the ashes were concentrated and not released during torrefaction. The volatile matter content was reduced to one third of the original content due to the fact that volatile matter was largely released during the process. The fixed C content was much higher (more than three times) than in the raw biomasses. Both the volatile matter content and the fixed C content are key parameters for the reducing-agent application of biochar.



The ultimate analysis of elements C, H, N, O and S revealed a structure that was highly deoxygenated and carbon-concentrated. The biochars presented a HHV that corresponded to 150% of the original HHV value in the raw biomasses and was similar to the HHV of fossil-based fuels. Figure 14 shows the energy balance obtained from the pilot plant. Torrefaction trials with olive stones presented lower power supplied (per kilograms of feedstock) than almond shells.



Figure 15 and Figure 16 show the comparison of properties among the raw biomasses, the biomasses torrefied at laboratory scale at 350 °C and the biomasses torrefied at pilot scale at 350 °C, for almond shells and olive stones, respectively. These results show that there were significant differences in the properties (fixed C, ash, volatile matter and HHV values) between the raw biomasses and the corresponding torrefied biomasses. In contrast, there were no significant differences in the properties between the torrefied biomasses, regardless of the size of the furnace used. This means that a suitable product could be obtained after performing torrefaction, and the above-mentioned properties were unchanged when scaling up torrefaction.



The laboratory-scale reactor was a few centimeters long, whereas the pilot reactor was a few meters in height. The properties, which are relevant for metallurgy applications, are thus nearly unmodified when upscaling by a factor of 100. While the thermal treatment is fully controlled in the laboratory-scale device, some heterogeneities are unavoidable in a reactor as large as the torrefaction pilot. The thermal treatment is slightly more advanced in the small oven compared to the pilot, as revealed by the slightly higher fixed carbon content of the biomasses torrefied in the laboratory-scale device. Nevertheless, as already mentioned, the differences were not significant. This may be an indication that severe torrefaction yields a relatively uniform solid.



Figure 17 shows the compared properties between the two pilot-scale torrefied biomasses. There were no significant differences between the properties of almond shells and olive stones after torrefaction at pilot scale at 350 °C.





4. Conclusions


The different torrefaction conditions tested in the laboratory-scale oven have shown that the thermal treatment needs to be quite severe to meet the requirements of the metallurgy industry. It was therefore decided to treat both biomasses at 350 °C for 45 min. During laboratory-scale torrefaction, at a temperature of 350 °C and a residence time of 45 min, mass loss was higher than 60 %w for both biomasses.



The HHV was increased from 19.98 MJ kg−1 (raw almond shells) and 20.29 MJ kg−1 (raw olive stones), to 29.80 MJ kg−1 and 30.28 MJ kg−1, for the biomasses torrefied at 350 °C (45 min), respectively. Significant differences were observed when comparing the properties of raw biomasses and those of the corresponding biochars.



There were no significant differences between the properties of almond shells and olive stones after Torrefaction (biochar materials). This may be an indication that severe torrefaction yields a relatively uniform solid. The properties of the solids remained unchanged when scaling up torrefaction from the laboratory-scale oven (a few centimeters long) to the pilot reactor (a few meters in height).



Biochar materials obtained from the torrefaction of almond shells and olive stones are promising products to be used as reducing agents in non-ferrous metallurgical furnaces. The torrefaction process contributes to an increase in the HHV and the fixed carbon content of the biochar. On the other hand, it increases the ash content of the solid product. Therefore, this application in metallurgy is only suitable for biomasses with a low ash content.
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Figure 1. Configuration of the experimental device used for the laboratory-scale torrefaction tests. 
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Figure 2. Scheme of the continuous torrefaction pilot plant (multiple-hearth furnace). 
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Figure 3. Thermal decomposition kinetic curves fitted with PFORE (dashed lines). (a) Almond shells. (b) Olive stones. 
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Figure 4. Temperature profiles of almond shell biomass using MATISSE device. (a) Torrefaction at 350 °C. (b) Torrefaction at 300 °C. (c) Torrefaction at 280 °C. (d) Torrefaction at 250 °C. 
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Figure 5. Temperature profiles of olive stone biomass using MATISSE device. (a) Torrefaction at 350 °C. (b) Torrefaction at 300 °C. (c) Torrefaction at 280 °C. (d) Torrefaction at 250 °C. 
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Figure 6. Characterization of almond shells: raw biomass and biochars. (a) Van Krevelen plot. (b) Comparison of higher heating values at different temperatures. 
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Figure 7. Characterization of olive stones: raw biomass and biochars. (a) Van Krevelen plot. (b) Comparison of higher heating values at different temperatures. 
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Figure 8. Fixed carbon content of torrefied biomass as a function of its carbon content. 
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Figure 9. Fixed carbon content of torrefied biomasses as a function of the torrefaction temperature. 
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Figure 10. Scanning electron microscopy (SEM) images of almond shells: (a) raw biomass before torrefaction; (b) biomass torrefied at 300 °C; (c) biomass torrefied at 350 °C. 
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Figure 11. Scanning electron microscopy (SEM) images of olive stones: (a) raw biomass before torrefaction; (b) biomass torrefied at 300 °C; (c) biomass torrefied at 350 °C. 
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Figure 12. (A) Raw olive stones; (B) raw almond shells; (C) pilot-scale torrefied olive stones at 350 °C; (D) pilot-scale torrefied almond shells at 350 °C. 
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Figure 13. Overall mass balance of almond shells and olive stones in the pilot furnace (350 °C, 45 min). 
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Figure 14. Energy balance of torrefaction of almond shells and olive stones in the pilot furnace (350 °C, 45 min). 
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Figure 15. Comparison of properties among different treatments of almond shells. 
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Figure 16. Comparison of properties among different treatments of olive stones. 
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Figure 17. Comparison of properties between pilot-scale torrefied almond shells and olive stones. 
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Table 1. Proximate and ultimate analyses of raw almond shells and olive stones.
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Property

	
Unit

	
Standard Procedure

	
Feedstock




	
Almond Shells

	
Olive Stones






	
Moisture

	
%w

	
Internal method PA 254

	
14.8

	
8.3




	
Ash

	
%wdb

	
Internal method PA209 or PA276

	
1.3

	
0.9




	
Volatile matter

	
NF EN ISO 18123

	
79.1

	
79.2




	
Fixed C

	
Calculation/NF M03-006

	
19.6

	
19.9




	
C

	
NF EN ISO 16948

	
50.5

	
51.3




	
H

	
5.95

	
5.99




	
N

	
0.20

	
0.19




	
O

	
Calculation by difference

	
42.0

	
41.6




	
S

	
Internal method PA 334

	
0.011

	
0.032




	
Cl

	
0.009

	
0.020




	
HHV

	
MJ/kg db

	
NF EN ISO 18125

	
19.84

	
20.30
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Table 2. Kinetic parameters of the thermal conversion of agricultural wastes.
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Experimental

(TGA)

	
Fitting Model

(PFORE)




	
Biomass

	
Temperature

(°C)

	
WTGA

(%wdb)

	
KT

(min−1)

	
Wp

(%wdb)

	
r2






	
Almond Shells

	
250

	
24.9 ± 1.6

	
4.24 × 10−2

	
25.19

	
0.997




	
280

	
46.3 ± 0.4

	
5.40 × 10−2

	
45.00

	
0.986




	
300

	
58.7 ± 1.3

	
6.39 × 10−2

	
58.31

	
0.985




	
350

	
67.3 ± 1.1

	
9.01 × 10−2

	
67.27

	
0.941




	
Olive stones

	
250

	
27.8 ± 0.9

	
4.51 × 10−2

	
27.82

	
0.997




	
280

	
45.7 ± 1.1

	
5.64 × 10−2

	
43.74

	
0.976




	
300

	
57.9 ± 1.2

	
6.24 × 10−2

	
58.00

	
0.989




	
350

	
65.0 ± 1.0

	
9.64 × 10−2

	
65.61

	
0.919
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Table 3. Comparison of the experimental mass loss (using different scaled-up laboratory furnaces).
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Thermal Gravimetric Analyses

(TGA)

	
Laboratory Furnace




	
Biomass

	
Temperature

(°C)

	
AWLTGA

(%wdb)

	
AWLLab-Furnace

(%wdb)






	
Almond shells

	
Raw

	
-

	
-




	
250

	
24.94

	
29.80




	
280

	
46.28

	
42.46




	
300

	
58.66

	
49.97




	
350

	
67.35

	
63.62




	
Olive stones

	
Raw

	
-

	
-




	
250

	
27.79

	
25.63




	
280

	
45.74

	
41.00




	
300

	
57.91

	
50.14




	
350

	
65.04

	
61.66
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Table 4. Composition and energy content of agricultural biomasses.
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Elemental Analyses

	
Ash Content

(815 °C)

	
Energy Content

	
Volatile Species

	
Fixed Carbon




	
Biomass

	
Temp.

(°C)

	
C

(%)

	
H

(%)

	
N

(%)

	
S

(%)

	
O

(%)

	
Ash

(%)

	
HHV *

(MJ kg−1)

	
HHV **

(MJ kg−1)

	
VS

(%)

	
FC

(%)






	
Almond shells

	
250

	
58.50

	
5.76

	
0.28

	
0.03

	
33.53

	
1.90

	
23.1

	
23.6

	
23.13

	
34.40




	
280

	
66.00

	
5.22

	
0.30

	
0.03

	
26.75

	
1.70

	
26.1

	
26.7

	
26.09

	
46.80




	
300

	
69.20

	
5.20

	
0.31

	
0.02

	
23.67

	
1.60

	
27.5

	
28.4

	
27.52

	
53.10




	
350

	
76.40

	
4.29

	
0.34

	
0.01

	
15.86

	
3.10

	
29.8

	
30.8

	
29.79

	
67.70




	
Olive stones

	
250

	
59.30

	
5.57

	
0.22

	
0.03

	
33.68

	
1.20

	
23.9

	
23.8

	
23.94

	
34.40




	
280

	
66.20

	
5.46

	
0.24

	
0.03

	
26.87

	
1.20

	
26.8

	
27.1

	
26.83

	
46.00




	
300

	
71.60

	
5.11

	
0.29

	
0.01

	
21.59

	
1.40

	
29.0

	
29.5

	
29.04

	
55.10




	
350

	
76.40

	
4.32

	
0.33

	
0.02

	
16.93

	
2.00

	
30.2

	
30.9

	
30.28

	
68.30








* HHV obtained from bomb calorimeter analysis; ** HHV obtained from equation suggested by [20].













[image: Table] 





Table 5. Operational parameters and mass loss measured during torrefaction at pilot scale (350 °C).
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Property

	
Unit

	
Feedstock




	
Almond Shells

	
Olive Stones






	
Initial moisture

	
%w

	
14.8

	
8.3




	
Mass flow

	
Input

	
kg/h

	
76.7

	
97.1




	
kg db/h

	
65.3

	
89.0




	
Output

	
kg db/h

	
23.9

	
34.5




	
Mass loss

	
%w

	
69 ± 5%

	
64 ± 4%




	
%wdb

	
63 ± 5%

	
61 ± 4%




	
Bulk density of bed

	
-

	
0.33

	
0.76




	
Porosity of bed

	
0.72

	
0.50
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Table 6. Proximate and ultimate analyses of almond shells and olive stones torrefied at 350°C in the pilot furnace.
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Characteristic

	
Unit

	
Standard Procedure

	
Feedstock




	
Almond Shells

	
Olive Stones






	
Moisture

	
%w

	
Internal method PA 254

	
<0.1

	
<0.1




	
Ash

	
%wdb

	
Internal method PA209 or PA276

	
2.5

	
2.1




	
Volatile matter

	
NF EN ISO 18123

	
33.6

	
31.9




	
Fixed C

	
Calculation/NF M03-006

	
63.9

	
66.0




	
C

	
NF EN ISO 16948

	
74.3

	
76.3




	
H

	
4.56

	
4.43




	
N

	
0.33

	
0.36




	
O

	
Calculation by difference

	
17.7

	
16.5




	
S

	
Internal method PA 334

	
0.016

	
0.015




	
Cl

	
<0.007

	
0.008




	
HHV

	
MJ/kg db

	
NF EN ISO 18125

	
29.41

	
29.84
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