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Abstract

:

Charcoal production is an activity that dates back over the years. The objective of the study was to determine the temperature and heating ramp in industrial carbonization processes using different kiln types and to quantify its impact on yield and quality of charcoal from different firewood species. The selection of sites, kiln types, and species investigated was based on those with highest production in Mexico. Brazilian beehive kilns using Arbutus xalapensis, Quercus durifolia, and Quercus sideroxyla species were analyzed; modified Brazilian beehive kilns with Pithecellobium dulce and Tamarindus indica; Argentine half-orange kilns with Quercus magnoliifolia and Q. sideroxyla, industrial metal kilns with Brosimum alicastrum, Vitex gaumeri, Manilkara zapota, and Pouteria unilocularis. The process time, temperature, heating ramp, production yield, and quality of charcoal produced were determined. Data were analyzed in a completely random statistical design. The industrial type kilns showed the highest production yield (>35%), and the Brazilian beehive kilns obtained the longest carbonization time (>240 h). On the other hand, the modified Brazilian beehive kilns obtained the best energetic characteristics (>75% fixed carbon and <16% volatile material). A carbonization process with a slow heating ramp (<1 °C min−1) and temperatures of 500–600 °C can generate a charcoal with export quality.
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1. Introduction


Energy demand and greenhouse gas emissions have increased globally, and primary energy demand has increased from 8737 to 14,485.75 million tons petroleum equivalent (Mtoe) from 1990 to 2019, while carbon dioxide emissions were from 20,511 to 33,621 million tons of carbon dioxide (Mt CO2) on the same period [1]. Energy generation is the main contributor to climate change, accounting for about 60% of global greenhouse gas (GHG) emissions. One of the sustainable development goals (SDG 7 affordable and clean energy) is the production of clean energy, and the reducing energy production from fossil sources by 2030 [2]. In order to achieve the above, biomass is a crucial alternative because it is a renewable resource that can be developed in a sustainable way, has favorable environmental properties, does not generate net carbon dioxide emissions, has a low sulfur content, and provides a significant economic contribution to producers [3,4,5].



Charcoal production is considered an ancestral activity, with the earliest records dating back more than 30,000 years [6,7,8]. Although there are new alternatives for energy generation, charcoal is, for many people, the main source of cooking [9]; this preference is based on ease of storage, high calorific value, low cost, and because it is more durable than firewood [10]. Preference in industrial use is due to low sulfur content, a high proportion of carbon:ash, relatively low and unreactive inorganic impurities, specific pore structure with a large surface area, and low smoke emissions [3], although a common problem in the use of charcoal is its great variability of physical and chemical properties [11].



The world’s largest charcoal producers are Brazil, Nigeria, Ethiopia, India, and China, while Indonesia, Paraguay, Argentina, Somalia, and Myanmar are the largest exporters; however, the countries with the greatest impact in terms of volume imported are Germany, Japan, Republic of Korea, China, and Belgium [12]. Mexico produces 760,000 t (23.9 PJ/year) of charcoal per year. The value of national production is approximately $568 million dollars (the year 2018). The income of producers who sell at the edge of the gap is 32% of this value [13].



Biomass pyrolysis, as carbonization is called, is defined as the thermal decomposition of the organic matrix of biomass in inert atmospheres at high temperatures and in the absence of oxygen, which produces oil, charcoal, condensable, and non-condensable gaseous products [14,15]. The quality of the charcoal depends on the experience of the operators, the technology used (kiln characteristics), the temperature and process time, the species, and the physical conditions of the firewood [16]. Despite the global importance of charcoal, physical and chemical knowledge of the species used and the charcoal produced is limited [17].



Regarding kilns to charcoal production, these vary in their dimensions and therefore in the production capacity, materials of which they are built, the form, the number of chimneys, the mechanization, the process control levels, and the heat source for heating the wood [16]. Traditional ovens are pit and parva, and these have the simplest technologies. Therefore, they represent the most common ovens for charcoal processing, and an advantage of this type of kiln is that carbonization can be carried out at the place where the wood is cut, so the investment in its transport is minimal. Some of the drawbacks of these ovens are that they must be monitored throughout the process and have higher emissions of greenhouse gases (GHG), which is tired and dangerous for the producer. A problem to consider is that charcoal tends to get dirty and its production depends largely on good weather conditions [18]. On the other hand, masonry kilns are built in areas that have a medium or long-term forestry plan, they must be located at a midpoint where the availability of the raw material is located, the ground must be wide to have a storage yard, have roads with access to van and trailer, the ground must contain low humidity, and be firm and compact. These types of have a main door that opens to load the raw material and unload charcoal. After loading, the door is closed and sealed with bricks and mud. Vents around the base of the oven are used to control air infiltration and thus temperature [19]. This type of furnace uses external heating and recirculates the gas emitted during carbonization, thus obtaining higher yields than the other types of kilns.



Traditional pit and parva kilns have the disadvantage of producing largely brittle, dirty charcoal with a high percentage of burning, ash, and moisture, so they are not considered good quality [18,20]. Bustamante et al. [21] reported that charcoal produced in the upper part of the furnace has the best energy characteristics (lower content of volatile material, as well as higher content of fixed carbon and calorific value when evaluated the quality of charcoal from Quercus sideroxyla charcoal produced in a Brazilian beehive kiln at different levels).



In Mexico there is a lack of regulations regarding charcoal quality; additionally, various production technologies are used, but consumers value the product empirically [22]. However, when it is necessary to assess the quality of charcoal, international standards are used [23], such as DIN 51749, EN 1860-2, GOST 7657-84, DIN 51749, EN 1860-2, GOST 7657-84 [24], and FAO [25]. Among the quality requirements, the standards indicate that the fixed carbon content must be between 65 and 78%, volatile material < 25%, ash content < 10%, and moisture content < 10%, and strictly require values of 75%, 14%, 3%, and 6%, respectively. Low contents of moisture, volatile material, and ash, and high contents of fixed carbon and calorific value, have been related to processing temperatures of 400 to 1200 °C in Brazilian beehive-type kilns; on the other hand, production yield is an important aspect to evaluate. This depends on the type of wood (origin and size of specimens), moisture content of the wood, type of kiln, heating ramp, and largest carbonization temperature. Generally, efficient charring requires approximately five tons of wood to produce one ton of charcoal [3,20].



Further, there is limited information that relates the parameters of the carbonization process with the quality and yield of charcoal using different technologies and species of firewood, so the objective of this study is to monitor and evaluate the charcoal production process in four types of kilns used in Mexico, as well as to relate the temperatures and heating rates of each process with the yield and physicochemical characteristics of charcoal, considering technologies and firewood species.




2. Materials and Methods


2.1. Sites of Study


The sites, kiln types, and species were selected considering the states with the highest charcoal production in Mexico, quality reports, production yield and use, and the importance of the species [18,21,26,27,28]. The selected sites are presented in Figure 1, while the information related to the four types of kilns, location, and firewood species is shown in Table 1.




2.2. Description of Kilns


2.2.1. Brazilian Beehive Kiln


The Brazilian kiln is in El Encinal, Durango (Figure 1). In this site the vegetation type is classified as coniferous forest, where firewood species of the Quercus and Arbutus genus are used for charcoal production. The kiln is made of masonry, has a diameter of 5 m, height of 2.35 m, a dome of 1.85 m high, and a hole in the upper part, which is used to light the kiln. It also has a door of 1.50 and 2.00 m wide and high, through which the firewood is loaded into the oven and the charcoal is unloaded. There are twenty vents systematically distributed on the kiln walls, eight of which are in the middle part of the kiln and twelve in the lower part. The kiln has a capacity of forty cubic meters of firewood and estimated production of 6 tons of charcoal in each process (Figure 2). The kiln is lit from the top of the dome, adding leaves and thin branches for easy ignition, and after about 3 to 4 h of ignition the trench is closed for fire distribution. The burning occurs in a descending manner, so the color of the smoke generated by the holes is the signal used by the handlers of this type of oven, when a blue color of smoke is observed, they proceed to close the holes and thus make the fire descend to the bottom of the oven, finally, when the blue color of the smoke is observed by the lower vents, they proceed to seal the oven and cover it with mud mixture to help its subsequent cooling. This procedure is the same for masonry kilns.




2.2.2. Modified Brazilian Beehive Kiln


The modified Brazilian kiln is in Armería, Colima, and the vegetation type of this site is tropical deciduous forest; however, the charcoal production is based on Pithecellobium dulce and Tamarindus indica species extracted for the use of land change for papaya and coconut production. The kiln is masonry type, and has a diameter of 3.4 m, height of 1.6 m, and one dome of 60 cm. The door is 80 cm wide and 1.25 m high, through which the wood is loaded and the charcoal is unloaded. It also has a chimney, and three vents at the top and four at the bottom. The kiln capacity is twelve cubic meters of firewood and the estimated production is 2.5 tons of charcoal in each process (Figure 3). This kiln does not have an ignition hole, and for this reason the ignition is made through the upper part of the door, and after about 3 h the hole is sealed for the distribution of the fire. The control of fire is the same as mentioned above.




2.2.3. Argentinian Half-Orange Kiln


The Argentine half-orange kiln is in Unión de Guadalupe, Jalisco, with a predominant vegetation type, Quercus Forest, used for charcoal production. The kiln is made of masonry and has a diameter of 5 m and 3 m height. The door is 1 m width and has a height of 1.60 m. This type of kiln does not have a chimney but presents twenty-six vents distributed at five levels, three at 2.8 m high, five at 2.0 m high, five at 1.20 m high, five at 0.5 m, high, and eight at ground level. The kiln is fired from the top of the entrance. The kiln capacity is sixteen cubic meters of firewood, and the estimated production is 3 tons of charcoal in each process (Figure 4). The kiln was turned on through the upper part of the door, and after about three hours the hole was sealed.




2.2.4. Metallic Industrial Type Kiln


The industrial metal kiln is 18 de Marzo, Quintana Roo, with a predominant vegetation type of tropical evergreen forest where there are more than sixty tree species. The kiln is metallic, and the container has a diameter of 1.30 m and 1.50 m height. Once this container is loaded with firewood, it is placed with a polyplast in a container covered with brick and metal, measuring 1.80 m diameter and 1.51 m height. The system consists of a connection of four kilns, and all need to be loaded to start the production process. The kilns are lit by external fire, and firewood is placed under each kiln until it reaches the exothermic process (>280 °C). For this reason, it is important that the firewood has the lowest possible moisture content, otherwise the ignition is difficult. The capacity of each kiln is 1.30 cubic meter of firewood, with an estimated production of 250 kg, reaching one ton of production in the system in each process (Figure 5).





2.3. Samples Preparation


Three firewood samples of each species were randomly selected for each burning and kiln type. The sample size was from 10 to 20 cm wide and approximately 60 cm long. In each type of kiln, three burns were conducted with the three repetitions of each firewood species. The volume and weight of firewood for each burn were measured before and after the pyrolysis process to determine the production yield [5]. Table 2 presents the physical and chemical characteristics of firewood of the species used for charcoal production.




2.4. Carbonization Process Monitoring


In the thermal degradation of lignocellulosic biomass from broadleaf firewood, five phases have been identified: the first occurs during the change of ambient temperature (25 to 30 °C) to 100 °C, where the ignition of the kiln is ensured. In phase two, the temperature rises from 100 to 200 °C, which allows for the complete evaporation of the moisture present in the firewood. For phase three, the temperature rises from 200 to 280 °C, where hemicellulose degradation takes place and CO2 is emitted as a combustion product. Phase four goes from 280 °C to the kiln’s maximum heating point (>400 °C), during which cellulose is degraded and lignin breaks down; CO2 and CH4 emissions also occur, and condensable and non-condensable volatile material is produced, while firewood is transformed into charcoal. Finally, phase five is characterized by the cooling of the kiln [15,20,28,29,30,31,32,33,34].



The identification of each phase described above was made by recording the temperature inside the kilns during carbonization using thermocouples type k 5m and an Extech thermometer (VIR50). The thermocouples were placed in the center of the kiln, and the temperature was recorded for one to three hours during the entire process. For the masonry kilns, carbonization was considered complete once the fire reached the lower vents, while in the metal kiln the process was considered finished after twelve hours of burning.




2.5. Charcoal Characterization


2.5.1. Charcoal Yield


The yield (m3 ton−1) was obtained by relating the volume (m3) of each firewood sample to the mass (t) of the same charred sample according to Equation (1) developed by Garcia [35].


  Y =  V m   



(1)




where:




	
Y = Yield



	
V = Volume of sample



	
m = Mass of pyrolyzed sample









2.5.2. Physicochemical Analysis


The moisture content, volatile material, fixed carbon, and ash content of the charcoal were determined according to the international standard ASTM D 1762-84 [36]. Three charcoal samples of each firewood species, burn, and kiln were introduced in a SM 300 cutting mill at a speed of 1500 rpm and sieved for five minutes at a speed of 100 rpm in an AS 200 analytical sieve, separating the particle size of 850 μm (20 mesh) and using the remaining material <420 μm (mesh > 40).




2.5.3. Mass Yield


The mass yield was determined by relating the mass of charcoal (kg) to the mass of biomass (kg) according to Equation (2) by Basu [37].


  M Y =   M C   M G B   ∗ 100  



(2)




where:




	
MY = Mass yield



	
RM = Mass yield



	
MGB = Mass of green biomass (kg)



	
MC = Mass of charcoal (kg)










2.6. Higher Heating Value


The higher heating value of charcoal was determined with an automatic iso-peribolic calorimetric pump model AC600 Leco, according to UNE-EN 18125 [38].




2.7. Statistical Analysis


The data of the variables determined for charcoal were statistically analyzed as a completely randomized experimental design. It was considered as three burns with three replicates per burn and firewood species. Two to four firewood species in each type of kiln were studied (Table 2).



Shapiro and Kolmogorov–Smirnov normality tests were performed for all variables, as well as variance heterogeneity tests. ANOVA and Tukey’s mean comparison tests were also performed for normally distributed data, whereas data of variables that did not meet the assumption of normality (p > 0.05) were analyzed using Kruskal–Wallis tests and Duncan’s comparison with a significance of α = 0.05. In addition, a principal component analysis (PCA), which is a multivariate analysis used to simplify the data set and identify correlated variables, was integrated with fourteen variables that interact during charcoal production and are influenced by physicochemical quality. The FactorMineR v2.4 package was developed [39]. All calculations were developed using the packages and functions of the Rstudio® statistical system.





3. Results


3.1. Description of the Carbonization Process


3.1.1. Brazilian Beehive Kiln


The carbonization process showed variations in the total time, time of each phase, and maximum temperature reached (Figure 6). Burn 1 presented the shortest carbonization time with 120 h up to phase 4, and a maximum temperature of 450 °C; burn 2 presented the longest carbonization time with 170 h because it had problems with ignition (90 h in phase 1). Burn 3 presented more homogeneous heating ramps among its phases; it also presented the highest carbonization temperature (600 °C). The slowest heating ramps were seen in phase 1, while the fastest occurred in phase 4 for all burns (Table 3).




3.1.2. Modified Brazilian Beehive Kiln


The burning time and maximum temperature in each burn showed variations (Table 4, Figure 7). Burning 1 showed the longest carbonization time (167 h until phase 4), due to ignition problems, remaining in phase 1 > 60 h. Phase 2 represented the second longest duration since the humidity of the Guamúchil firewood was high (>90%) and this firewood species was mostly placed in the upper part of the kiln; phase 4 was 39 h long and the maximum temperature was 420 °C. Burn 2 was the fastest, with a carbonization process of 65 h until the end of phase 4; in addition, this phase had the longest duration (28 h), with a maximum temperature of 580 °C (Table 4). On the other hand, burn 3 presented the highest temperature (596 °C), which presented a fast ignition (4 h) and had the longest drying time (61 h) and 27 h in phase 4; due to the above-mentioned conditions, it can be considered as the best carbonization process of this type of kiln (Figure 7).




3.1.3. Argentine Half-Orange Kiln


The burning time and maximum temperature showed differences (Figure 8). Burn 1 presented a maximum temperature of 432 °C, with a time of 92 h until the end of phase 4. On the other hand, burn 2 presented the highest temperature (660 °C) and carbonization time (103 h until the end of phase 4), finally, burn 3 had the lowest time and temperature (75 h until the end of phase 4 and 403 °C). Burn 2 represented the best process with respect to heating ramps, with a fast ignition (0.14 °C min−1) and a slow and long-lasting ramp in stage 4 (0.08 °C min−1) (Table 5).




3.1.4. Industrial Metal Kiln


The carbonization process among burns showed variations in total time, time of each phase, and maximum temperature (Figure 9). Burn 3 presented the longest carbonization time (11 h), as well as the highest temperature (498 °C); on the other hand, burn 2 presented a longer drying time, shorter carbonization time (7 h), and lower temperature (310 °C), while burn 1 showed a longer time in the ignition phase (3 h). The heating ramps in this type of kiln were more homogeneous. Even so, they showed that burner 3 presented the best process, maintaining the longest burning time in phase 4 (Table 6).





3.2. Yield


3.2.1. Brazilian Beehive-Type Kiln


This type of furnace, having a large storage capacity (40 m3), tends to have a cooling time of 15 days, and to make this process faster the operator adds water. Due to this, the charcoal tends to crumble, and for this reason the test tubes were not recovered in their entirety, preventing the performance analysis. The yield in this kiln type was determined by relating the firewood loading capacity to the number of sacks of charcoal produced in each burn. There was an estimated consumption of 7 to 9 m3 of firewood to produce one ton of charcoal, so the estimated yield is 20%.




3.2.2. Modified Brazilian Beehive kiln


Firewood consumption (m3 ton−1) for charcoal production in burn 1 showed a consumption of 8.20 m3 ton−1, with a yield of 21.24%, while consumption in burn 2 was 8.89 m3 ton−1 and a yield of 18.56%. Finally, burn 3 presented a consumption of 8.73 m3 ton−1 and 18.57% yield. The yield with the species of Guamúchil and Tamarindo in the three burns did not present significant statistical differences (p > 0.05, Tukey). It was used from 8 to 10 m3 of firewood to produce one ton of charcoal; the yield did present significant statistical differences (p < 0.05, Tukey). The Tamarindo firewood species, in the burn 1, had the highest yield (23%), while the Guamúchil, in burns 2 and 3, had the lowest yield (<20%) (Figure 10).




3.2.3. Argentinian Half-Orange Kiln


There were significant statistical differences in firewood consumption and mass yield (p < 0.05, Tukey test) (Figure 11). Burn 1 had an average consumption and yield of 5.07 m3 ton−1 and 30.38%, while burn 2 had the highest firewood consumption and lowest mass yield (6.19 m3 ton−1 and 24.43%), finally, burn 3 had a consumption of 5.12 m3 ton−1 and a yield of 30.30%. The white oak species from burn 2 required the greatest volume of firewood to produce one ton of charcoal (6.37 m3 ton−1), while the white oak from burn 1 required the least volume of firewood (4.74 m3 ton−1). Considering the above, the white oak from burn 1 obtained the highest percentage of mass yield (32.25%), while the two species from burn 2 had the lowest yield (23.96 and 24.10%, respectively).




3.2.4. Metallic Industrial Kiln


There were significant statistical differences in firewood consumption and mass yield (p < 0.05). Burn 1 had a consumption of 4.84 m3 ton−1 and a yield of 38.85%, burn 2 had a consumption of 5.09 m3 ton−1 and a yield of 36%, and burn 3 had a consumption of 5.37 m3 ton−1 and a yield of 33.55%. The Ramón species from burn 3 had the highest firewood consumption to produce one ton of charcoal (6 m3 ton−1), while the Zapote species from burn 1 had the lowest firewood consumption (4 m3 ton−1). In relation to yield, the Ramón species from burn 3 had the lowest mass yield (28%), while the Zapote species from burn 3 had the highest value (45%). The Ramón species behaved similarly in the 3 burns, being the one with the lowest production. In addition, it was identified that the species Yaxnic, Zapote, and Zapotillo from burn 1 obtained the highest charcoal production yield (Figure 12).





3.3. Proximal Analysis of Charcoal


3.3.1. Brazilian Beehive-Type Kiln


The proximate analyses showed significant statistical differences (p < 0.05, Kruskal–Wallis). The highest moisture content was found in White oak from burn 2 (2.68%), while Madrone had the lowest percentage (1.98%). The volatile material content showed two statistical groups, and the Red oak species from burns 1 and 2 presented the lowest percentage (16.44 and 17.58%, respectively), while the rest of the species did not have significant statistical differences (p > 0.05). The highest percentage of fixed carbon was found in the Red oak species from burn 1 (78.15%), and the highest ash content was found in the Red oak species from burn 2 (4.27%), while the Madrone from burn 1 had the lowest percentage (1.57%) (Table 7).




3.3.2. Modified Brazilian Beehive Kiln


Significant statistical differences were found (p < 0.05, Kruskal–Wallis). The three burns presented moisture content < 10%, volatile material < 17%, fixed carbon > 74%, and ash content < 11%, and the burn 3 presented the best percentages. Guamúchil from burn 2 had the highest moisture content (7.33%), while Tamarindo from burn 3 had the lowest percentage (0.69%). The highest percentage of volatile material was found in both species in burn 1 (16.62 and 16.71%, respectively), while Guamúchil from burn 2 had the lowest value (7.88%). The lowest fixed carbon content was found in both species from burn 1, while Tamarindo from burn 3 had the highest percentage (84.21%). Finally, the ash content was higher in Guamúchil in the three burns (6.89, 10.41, and 8.10%, respectively), while Tamarindo had the lowest percentage (4.88, 5.46, and 5.40%, respectively) (Table 8).




3.3.3. Argentinian Half-Orange Kiln


There were significant statistical differences (p < 0.05, Kruskal–Wallis). Burn 2 presented the best energetic characteristics in both species; lower volatile material content (<20%) and higher percentage of fixed carbon (>75%); on the other hand, the Red oak species of burn 2 presented the lowest moisture and volatile material content, higher fixed carbon, and ash content (1.04, 10.20, 82.12, and 6.62%, respectively) (Table 9).




3.3.4. Metallic Industrial Kiln


There were significant statistical differences (p < 0.05, Kruskal–Wallis). Charcoal production from burn 3 presented the best energy characteristics, low moisture content (<3%), low ash content (<8%), higher fixed carbon content (>72%), and lower volatile material (<23%). Yaxnic and Zapotillo species from burn 3 obtained the highest percentage of moisture (2.79 and 2.88%, respectively), while Ramón had the lowest percentage (1.52%); in addition, burn 1 presented the highest percentage of volatile material (32.71%) and burn 3 presented the lowest (11.13%). Zapotillo from burn 1 had the lowest fixed carbon content (61.30%), while Ramón had the best value (79.20%). The highest percentage of ash was obtained by Zapotillo from burn 2 and Ramón from burn 3 (6.73 and 8.15%, respectively), while Yaxnic from burn 3 presented the lowest value (2.81%) (Table 10).





3.4. Higher Heating Value


The higher heating value presented significant statistical differences (p < 0.05), and the species used in the masonry kilns had the highest values. The charcoal produced on burns 2 and 3 with the Brazilian beehive kiln had the highest heating value in its three species (>30 MJ kg−1); on the contrary, the higher heating value of the species produced with the industrial metallic kiln presented the lowest heating value (<31 MJ kg−1). In addition, oak species presented the highest heating value in both technologies (Table 11).




3.5. Principal Component Analysis


Showing the correlation analysis of 14 variables studied, it was observed that the heating ramp of the carbonization phases was negatively correlated with the fixed carbon content and calorific value, while the fixed carbon production yield was positively correlated with the volatile material and the fast-heating ramps. The correlation with the fixed carbon was negative (Table 12). Principal components (PC) 1 and 2 explained 69% of the total variance. PC 1 accounted for 50.4% of the variance and included phases 2, 4, 1, and 3, cellulose, lignin, yield, volatile material, wood moisture, heating, fixed carbon, and hemicellulose; PC 2 accounted for 18.6% of the variance and consisted of ash content, wood moisture, fixed carbon, cellulose, moisture content, hemicellulose, yield, and volatile material (Figure 13).



The charcoal made in the modified Brazilian beehive kilns was grouped in the quadrant with the highest fixed carbon content and moisture content of the firewood. On the other hand, the charcoal made in the Argentine half-orange kilns was grouped in the highest-level of the highest heating value and hemicellulose in the firewood, and the charcoal made in the Brazilian beehive kilns was also grouped with the Argentine half-orange kilns, which were influenced by oak’s species. Finally, the charcoal produced in the metal kiln was grouped with the highest production yield, but also with the highest content of volatile material (Figure 14).





4. Discussion


4.1. Carbonization Conditions


The study of the carbonization process with different types of species and kilns showed that carbonization time is related to several factors, among them the kiln type and capacity. That is why the greater the volume of firewood loaded in the kiln, the longer the carbonization time. Another factor is the moisture content of the firewood; in particular, this increases the time for phases 1 and 2, which correspond to kiln ignition, drying of the firewood, and decomposition of the hemicellulose. Therefore, if the aim is to reduce the carbonization time, firewood with low moisture content (<30%) should be used, which coincides with Pyshyev et al. [40]. On the other hand, phase 3, where cellulose and hemicellulose remnants react, was the shortest, regardless of the type of kiln used. For their part, Pyshyev et al. [40] considered that the most important phase during the charcoal production process is phase 4, since it represents a change in the energy process, changing from an endothermic phase (<280 °C) to an exothermic one (>280 °C), a phase in which the remnants of hemicellulose and cellulose are minimal, as established by Chen et al. [41] and Pereira et al. [34]. Therefore, the component that carbonizes in this phase is lignin as a result of its elemental structure and is composed of a high percentage of carbon and low oxygen content. The temperature required to promote its reaction is high, as was shown by Stefanidis et al. [42]. This is consistent with Basile et al. [43], who say that the decomposition of hemicellulose and cellulose is complete at 400 °C, so that from that temperature the remaining compound is converted into charcoal.



In relation to the maximum process temperature, the results are consistent with Rodrigues and Braghini [44] and Oyebanji and Oyedepo [4], who point out that the higher the process temperature, the higher the quality of the charcoal generated, because it has a lower content of volatile material, but with a low yield, as was presented in burn 3 of the Brazilian kiln, burn 3 of the modified Brazilian kiln, burn 2 of the Argentine half-orange kiln, and burn 3 of the industrial metallic kiln. Finally, the cooling phase, which is minimally considered in the literature, has a duration similar to the carbonization time when carried out in a natural way, while if water is added, its duration will be shorter, but with high risks of obtaining a brittle charcoal of lower quality Arias-Chalico [45], as occurred in the burnings of the Brazilian kiln, where it was not possible to recover all the specimens due to the added water.



The lowest yield was observed when the temperature in the carbonization process increases (>450 °C) and the duration of phase 4 is longer, as was monitored in the masonry kilns used in this research, while Massuque et al. [46] mentioned that this range (400 to 450 °C) is the most important for producing charcoal for domestic use; on the other hand, Pyshyev et al. [40] mentioned that for carbonization maintained at the lower temperature of phase 4, charcoal presents the best performance, is easy to ignite, but still presents considerable amounts of tar, so for a quality product with low emissions and a content of >75% fixed carbon, carbonization should be performed above 500 °C.



The best conditions to produce charcoal were presented with the metallic kiln using Ramón, Yaxnic, Zapote, and Zapotillo firewood species. Abreu et al. [47] mentioned that firewood density is positively correlated with charcoal production when the objective is to have a higher stiffness. In addition, they had higher lignin content compared to species from other sites, but the process control was not optimal, leaving only burn 3 as acceptable. In addition to the above, this is attributed to the lack of experience, and it is necessary to train operators as it is the technology with the greatest benefits in charcoal production. The metal industrial kiln is technologically the most modern, so it presents an improvement in its system of reuse of gases and vapors, loading and unloading system, and rapid cooling and use of resistant materials, as suggested by Rodrigues and Braghini [16].




4.2. Yield


The highest charcoal production yields occurred in the metallic kiln, showing values of 30 to 45%, which is closely related to the high content of volatile material contained in the carbon produced by this type of furnace; on the other hand, the lowest yields occurred in the Brazilian kiln and modified Brazilian kiln, which could be influenced by the percentage of moisture in the firewood (>30%). According to Canal et al. [5], the moisture content of the firewood does not influence the quality of the charcoal, as was observed with the Guamúchil firewood, but it influences the yield and the emissions released into the environment, since high moisture on the firewood will require a greater consumption of firewood to achieve carbonization. In addition, it is mentioned that masonry kilns have a yield of around 30% in their best scenarios, which is like Bailis et al. [48], Pereira [34], and Pyshyev et al. [40], who state that traditional kilns with low technology result in low yield and low charcoal quality. This is to be “considered” because most of the world’s charcoal production is done with low technology.




4.3. Physicochemical Analysis


Kilns with a slow ramp (<1 °C min−1) produced charcoal of good quality, and the final temperature observed was similar to that recommended by Kan et al. [15], who mentioned that the ideal temperature is from 400 to 550 °C. One of the most widely used standards for categorizing charcoal is EN 1860-2 [49], which is applicable to most European countries (Jelonek et al.) [8]. This stated for export and consumption purposes, and fixed carbon should be ≥75%, ash ≤ 8%, moisture content ≤ 8%, while volatile material is not considered, but if the assumption that the proximate analysis should add up to 100% is applied, it should be ≤16%, as could be seen in the in the correlation analysis of the four types of kilns. There was a strong negative correlation between the volatile material and the fixed carbon (−0.9), while it was positive with the production yield (0.76), which proves that the shorter time of phases 2 and 3 the volatile material content tends to be high, because the removal of oxygen bonds is involved in these phases. Given the above values, the carbonized species in the Brazilian beehive and modified Brazilian beehive kilns meet these requirements, which both species in burn 2 used in Argentine half-orange also meet; for its part, the tropical species used in the metal-type kiln, the Ramón in burn 3, meets these requirements. However, there are also other classifications for domestic use, as mentioned by Antal and Grønli [6], which, for domestic purposes, establish that the percentage of acceptable fixed carbon is ≥65% and volatile material ≤ 30%. Therefore, if followed for this use, the species used in this research are suitable, except for Ramón in burn 1 and 2, as well as Zapotillo from burn 1. Costa et al. [50] mention that charcoal for domestic use presents a great variation in quality because in most kilns the process is difficult and often an inadequate raw material is used, generating a heterogeneous product.




4.4. Principal Component Analysis


The volatile material content presented a high and negative correlation with fixed carbon, which agrees with Missio et al. [51]. The increase of temperature in the carbonization process causes the breakdown of the structural components of firewood (cellulose, hemicellulose, and lignin), while water, CO, CO2, and other gases (VM) are removed from the firewood.



The PCA in this work represented 69% of the variance by including 14 study variables and satisfactorily obtaining a classification of the different kilns used. Roque et al. [52] evaluated the similarity between biomass and charcoal for energy purposes. In their study, two principal components were presented to explain 72.3% of the accumulated variance of the data and to obtain a classification; on the other hand, Costa et al. [50] performed a PCA with the maximum number of twelve principal. In this analysis, no clear groups were formed with respect to charcoal producers, which may be due to the lack of variables during the carbonization process, such as the absence of information on temperature; on the contrary, in this research it is considered, and that is why the different classifications are made.





5. Conclusions


The charcoal carbonization process clearly presents five phases, when keeping a heating ramp < 1 °C in all phases until a final temperature > 500 °C, will favor carbonization, generating a quality product for domestic consumption and complying with export quality parameters (>75% fixed carbon, <8% ash, and <8% humidity).



The firewood moisture content < 30% will favor the carbonization process time, making phases 1 and 2 shorter and thereby increasing the charcoal production yield.



The kilns Brazilian beehive-type, modified Brazilian beehive-type, Argentinian half-orange, and metallic industrial used for charcoal production are capable of producing a product suitable for domestic use, although it is advisable to use kilns that do not exceed 20 m3 of firewood capacity, since as the size of the kiln increases, control of the kiln becomes more complicated, thus increasing the time of phase 5 and even using water for cooling, which results in a product with friability and homogeneous quality.



Different plant species and different technologies, from different regions analyzed, demonstrated the potential to produce acceptable quality charcoal, given appropriate burning conditions as analyzed. Based on this research, it is suggested that more analyses of different kilns and species be carried out on an industrial scale, with temperature monitoring and homogenization of the firewood.
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Figure 1. Location of the sites selected to analyze the charcoal production process in Mexico. 






Figure 1. Location of the sites selected to analyze the charcoal production process in Mexico.



[image: Energies 16 00333 g001]







[image: Energies 16 00333 g002 550] 





Figure 2. Design of a Brazilian beehive type kiln. 






Figure 2. Design of a Brazilian beehive type kiln.



[image: Energies 16 00333 g002]







[image: Energies 16 00333 g003 550] 





Figure 3. Design of a modified Brazilian beehive type kiln. 
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Figure 4. Design of an Argentinian half-orange kiln. 
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Figure 5. Design of a metallic industrial kiln. 
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Figure 6. Heating ramps during carbonization in three burnings of Brazilian beehive kilns. Blue color = phase 1, yellow color = phase 2, green color = phase 3, red color = phase 4, white color = phase 5. This carbonization process includes the following species: Madrone, White oak, and Red oak. 
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Figure 7. Heating ramps during carbonization in three burnings of modified Brazilian beehive kilns. Blue color = phase 1, yellow color = phase 2, green color = phase 3, red color = phase 4, white color = phase 5. This carbonization process includes the following species: Guamúchil and Tamarindo. 
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Figure 8. Heating ramps during carbonization in three burnings of Argentine half-orange kilns. Blue color = phase 1, yellow color = phase 2, green color = phase 3, red color = phase 4, white color = phase 5. This carbonization process includes the following species: White oak and Red oak. 
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Figure 9. Heating ramps during carbonization in three burnings of industrial metal kilns. Blue color = phase 1, yellow color = phase 2, green color = phase 3, red color = phase 4, white color = phase 5. This carbonization process includes the following species: Ramón, Yaxnic, Zapote, and Zapotillo. 
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Figure 10. (a) Firewood consumption, and (b) charcoal production yield in modified Brazilian beehive kilns. Values with the same letter are statistically equal, according to Tukey test (p ≥ 0.05). 
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Figure 11. (a) Firewood consumption and (b) charcoal production yield in Argentine half-orange kilns. Values with the same letter are statistically equal, according to Tukey test (p ≥ 0.05). 
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Figure 12. (a) Firewood consumption and (b) charcoal production yield in industrial metal kilns. Values with the same letter are statistically equal, according to Tukey test (p ≥ 0.05). 
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Figure 13. Principal Component Analysis (PCA), representing the two main components. MC = moisture content (%), MCB: wood moisture content MV = volatile material (%), FC = fixed carbon (%), ASH = ash content (%), HHV = Heating value, CEL = Cellulose, Lig = Lignin, HEM = Hemicelulosa. 






Figure 13. Principal Component Analysis (PCA), representing the two main components. MC = moisture content (%), MCB: wood moisture content MV = volatile material (%), FC = fixed carbon (%), ASH = ash content (%), HHV = Heating value, CEL = Cellulose, Lig = Lignin, HEM = Hemicelulosa.



[image: Energies 16 00333 g013]







[image: Energies 16 00333 g014 550] 





Figure 14. Grouping of the variable’s representative of the carbonization process. 
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Table 1. Description of four kiln types, location, and firewood species used for charcoal production.
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	Kiln Type
	Total Capacity (m3)
	Coordenates

Latitude and Longitude (°)
	State
	Community
	Firewood Species





	Brazilian beehive
	40.00
	23.7147–105.0670
	Durango
	El Encinal
	Arbutus xalapensis (Madrone), Quercus durifolia (white oak) y Quercus sideroxyla (red oak)



	Modified Brazilian beehive
	12.00
	18.9338–104.0082
	Colima
	Ciudad de Armería
	Pithecellobium dulce (Guamúchil) y Tamarindus indica (Tamarindo)



	Argentine half-orange
	16.00
	19.9288–103.4382
	Jalisco
	Unión de Guadalupe
	Quercus magnoliifolia (white oak) y Quercus sideroxyla (red oak)



	Industrial metal
	5.20
	19.0735–88.8074
	Quintana Roo
	18 de Marzo
	Brosimum alicastrum (Ramón), Vitex gaumeri (Yaxnic), Manilkara zapota (Zapote), Pouteria unilocularis (Zapotillo)
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Table 2. Chemical composition, density and moisture content of the biomass used for conversion to charcoal.
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Species

	
Biomass Origin

	
Cellulose (%)

	
Hemicellulose (%)

	
Lignin (%)

	
Moisture Content (%)






	
Madrone

	
Durango

	
52.92 ± 1.45

	
14.11 ± 1.98

	
20.41 ± 0.94

	
34.05 ± 14.21




	
White oak

	
44.34 ± 1.91

	
16.16 ± 2.64

	
19.58 ± 1.08

	
50.40 ± 5.03




	
Red oak

	
47.55 ± 1.86

	
16.29 ± 1.12

	
19.82 ± 1.30

	
43.86 ± 8.85




	
Guamúchil

	
Colima

	
57.40 ± 4.05

	
10.69 ± 1.34

	
22.44 ± 0.68

	
91.97 ± 3.22




	
Tamarindo

	
60.78 ± 2.22

	
11.52 ± 1.47

	
19.58 ± 0.72

	
22.13 ± 6.56




	
White oak

	
Jalisco

	
59.98 ± 0.45

	
13.30 ± 0.52

	
17.79 ± 1.08

	
34.60 ± 9.27




	
Red oak

	
54.75 ± 3.47

	
14.06 ± 1.33

	
20.79 ± 1.93

	
37.34 ± 6.13




	
Ramón

	
Chetumal

	
64.55 ± 0.39

	
8.44 ± 0.34

	
22.62 ± 0.77

	
10.75 ± 1.23




	
Yaxnic

	
64.03 ± 0.88

	
5.55 ± 0.46

	
22.90 ± 1.01

	
11.55 ± 1.00




	
Zapote

	
60.59 ± 0.93

	
12.16 ± 0.31

	
21.69 ± 1.23

	
12.46 ± 2.30




	
Zapotillo

	
63.60 ± 1.39

	
8.23 ± 1.32

	
23.84 ± 0.91

	
11.16 ± 0.74








The chemical composition of the biomass was determined using the ANKOM method (2005) which calculates neutral detergent fiber (FDN), acid detergent fiber (FDA), and lignin (L). Symbol ± shows standard deviation.
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Table 3. Burning time and heating ramps on each phase during carbonization in Brazilian beehive kilns.






Table 3. Burning time and heating ramps on each phase during carbonization in Brazilian beehive kilns.





	
Burn

	
Phase 1

	
Phase 2

	
Phase 3

	
Phase 4




	
Time

	
R

	
Time

	
R

	
Time

	
R

	
Time

	
R






	
1

	
38

	
0.04

	
22

	
0.08

	
10

	
0.13

	
48

	
0.06




	
2

	
93

	
0.02

	
28

	
0.06

	
23

	
0.06

	
27

	
0.15




	
3

	
48

	
0.03

	
23

	
0.07

	
17

	
0.08

	
40

	
0.13








Time = elapsed time in Phase (h), R = heating ramp (°C/min).
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Table 4. Burning time and heating ramps on each phase during carbonization in modified Brazilian beehive kiln.






Table 4. Burning time and heating ramps on each phase during carbonization in modified Brazilian beehive kiln.





	
Burn

	
Phase 1

	
Phase 2

	
Phase 3

	
Phase 4




	
Time

	
R

	
Time

	
R

	
Time

	
R

	
Time

	
R






	
1

	
66

	
0.02

	
54

	
0.03

	
10

	
0.13

	
39

	
0.07




	
2

	
4

	
0.32

	
22

	
0.08

	
13

	
0.10

	
28

	
0.20




	
3

	
4

	
0.32

	
61

	
0.03

	
2

	
0.67

	
27

	
0.20








Time = elapsed time in Phase (h), R = heating ramp (°C/min).
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Table 5. Burning time and heating ramps on each phase during carbonization in an Argentine half-orange kiln.






Table 5. Burning time and heating ramps on each phase during carbonization in an Argentine half-orange kiln.





	
Burn

	
Phase 1

	
Phase 2

	
Phase 3

	
Phase 4




	
Time

	
R

	
Time

	
R

	
Time

	
R

	
Time

	
R






	
1

	
10

	
0.13

	
43

	
0.04

	
3

	
0.44

	
13

	
0.22




	
2

	
9

	
0.14

	
19

	
0.09

	
2

	
0.67

	
73

	
0.08




	
3

	
22

	
0.06

	
10

	
0.17

	
11

	
0.12

	
34

	
0.03








Time = elapsed time in Phase (h), R = heating ramp (°C/min).
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Table 6. Burning time and heating ramps per phase during carbonization in industrial metal kilns.






Table 6. Burning time and heating ramps per phase during carbonization in industrial metal kilns.





	
Burn

	
Phase 1

	
Phase 2

	
Phase 3

	
Phase 4




	
Time

	
R

	
Time

	
R

	
Time

	
R

	
Time

	
R






	
1

	
3

	
0.56

	
3

	
0.56

	
2

	
0.67

	
3

	
0.62




	
2

	
1

	
1.67

	
4

	
0.42

	
2

	
0.67

	
1

	
0.50




	
3

	
1

	
1.67

	
4

	
0.42

	
2

	
0.67

	
5

	
0.93








Time = elapsed time in Phase (h), R = heating ramp (°C/min).
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Table 7. Proximate analysis of charcoal produced in Brazilian beehive kilns.






Table 7. Proximate analysis of charcoal produced in Brazilian beehive kilns.





	
BURN

	
SPECIE

	
MC

	
VM

	
FC

	
ASH






	
1

	
Madrone

	
1.98 ± 0.26 ab

	
20.68 ± 2.15 a

	
75.47 ± 2.20 b

	
1.57 ± 0.45 e




	
White oak

	
2.08 ± 0.12 c

	
20.62 ± 1.86 a

	
74.82 ± 2.00 b

	
2.49 ± 0.16 bc




	
Red oak

	
1.95 ± 0.09 cd

	
17.58 ± 0.56 b

	
78.15 ± 0.43 a

	
2.33 ± 0.09 cd




	
2

	
Madrone

	
1.69 ± 0.29 d

	
21.67 ± 6.69 a

	
74.76 ± 7.00 b

	
1.88 ± 0.57 de




	
White oak

	
2.68 ± 0.17 a

	
18.76 ± 5.65 a

	
75.76 ± 5.16 b

	
2.80 ± 1.22 bc




	
Red oak

	
2.03 ± 0.38 c

	
16.44 ± 8.45 ab

	
77.26 ± 8.25 b

	
4.27 ± 0.72 a




	
3

	
Madrone

	
2.49 ± 0.34 ab

	
20.95 ± 2.15 a

	
74.48 ± 2.59 b

	
2.08 ± 0.25 de




	
White oak

	
2.67 ± 0.15 ab

	
20.45 ± 0.72 a

	
74.35 ± 0.77 b

	
2.53 ± 0.10 b




	
Red oak

	
2.44 ± 0.19 b

	
20.10 ± 0.24 a

	
75.11 ± 0.61 b

	
2.35 ± 0.47 cd








MC = moisture content (%), VM = volatile material (%), FC = fixed carbon (%), ASH = ash content (%). Values with the same letter are statistically equal, according to Kruskal–Wallis (p ≥ 0.05).
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Table 8. Proximate analysis of charcoal produced in modified Brazilian beehive kilns.






Table 8. Proximate analysis of charcoal produced in modified Brazilian beehive kilns.





	
BURN

	
SPECIE

	
MC

	
VM

	
FC

	
ASH






	
1

	
Guamúchil

	
2.01 ± 0.21 c

	
16.62 ± 1.10 a

	
74.47 ± 1.76 c

	
6.89 ± 0.87 a




	
Tamarindo

	
1.98 ± 0.08 c

	
16.71 ± 0.71 a

	
76.43 ± 1.18 c

	
4.88 ± 0.95 b




	
2

	
Guamúchil

	
7.33 ± 1.10 a

	
7.88 ± 0.67 d

	
74.38 ± 5.38 c

	
10.41 ± 3.83 a




	
Tamarindo

	
3.46 ± 0.93 b

	
9.48 ± 3.58 bc

	
81.61 ± 3.58 b

	
5.46 ± 1.14 b




	
3

	
Guamúchil

	
0.89 ± 0.07 d

	
10.60 ± 0.50 b

	
80.40 ± 1.26 b

	
8.10 ± 1.16 a




	
Tamarindo

	
0.69 ± 0.06 e

	
9.70 ± 0.57 c

	
84.21 ± 0.94 a

	
5.40 ± 0.68 b








MC = moisture content (%), VM = volatile material (%), FC = fixed carbon (%), ASH = ash content (%). Values with the same letter are statistically equal, according to Kruskal–Wallis (p ≥ 0.05).
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Table 9. Proximate analysis of charcoal produced in Argentine half-orange kilns.






Table 9. Proximate analysis of charcoal produced in Argentine half-orange kilns.





	
BURN

	
SPECIE

	
MC

	
VM

	
CF

	
ASH






	
1

	
White oak

	
1.50 ± 0.59 b

	
20.79 ± 10.00 ab

	
73.66 ± 9.68 bc

	
4.03 ± 0.95 bc




	
Red oak

	
2.00 ± 0.28 a

	
25.14 ± 0.39 a

	
69.53 ± 0.44 c

	
3.30 ± 0.76 c




	
2

	
White oak

	
1.53 ± 0.40 bc

	
19.18 ± 5.90 b

	
75.16 ± 6.44 b

	
4.14 ± 1.12 b




	
Red oak

	
1.04 ± 0.14 c

	
10.20 ± 2.45 c

	
82.12 ± 1.84 a

	
6.62 ± 1.49 a




	
3

	
White oak

	
1.99 ± 0.99 a

	
22.08 ± 0.43 b

	
72.24 ± 0.67 bc

	
3.74 ± 0.36 bc




	
Red oak

	
1.94 ± 0.05 a

	
22.02 ± 0.95 b

	
71.99 ± 1.55 b

	
4.03 ± 0.82 b








MC = moisture content (%), VM = volatile material (%), FC = fixed carbon (%), ASH = ash content (%). Values with the same letter are statistically equal, according to Kruskal–Wallis (p ≥ 0.05).
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Table 10. Proximate analysis of charcoal produced in industrial metal kilns.






Table 10. Proximate analysis of charcoal produced in industrial metal kilns.





	
BURN

	
SPECIE

	
MC

	
VM

	
FC

	
ASH






	
1

	
Ramón

	
2.17 ± 0.22 bcd

	
32.71 ± 4.42 a

	
61.39 ± 4.39 hi

	
3.73 ± 0.55 ef




	
Yaxnic

	
1.85 ± 0.34 d

	
22.66 ± 2.68 efg

	
70.56 ± 2.02 c

	
4.93 ± 1.65 bc




	
Zapote

	
1.91 ± 0.08 d

	
28.94 ± 2.80 bc

	
64.39 ± 3.35 fgh

	
4.76 ± 0.53 bcde




	
Zapotillo

	
2.12 ± 0.04 bcd

	
31.43 ± 2.24 ab

	
61.30 ± 1.66 i

	
5.15 ± 0.83 bc




	
2

	
Ramón

	
2.04 ± 0.26 cd

	
31.22 ± 2.59 ab

	
63.55 ± 2.21 ghi

	
3.18 ± 0.69 fg




	
Yaxnic

	
2.40 ± 0.25 b

	
26.57 ± 2.33 d

	
66.39 ± 3.60 ef

	
4.64 ± 1.69 bcd




	
Zapote

	
2.41 ± 0.13 b

	
27.97 ± 2.04 cd

	
65.23 ± 3.60 efg

	
4.38 ± 1.70 cde




	
Zapotillo

	
2.12 ± 0.20 bcd

	
23.40 ± 2.01 e

	
67.75 ± 1.54 de

	
6.73 ± 0.63 a




	
3

	
Ramón

	
1.52 ± 0.11 e

	
11.13 ± 0.87 h

	
79.20 ± 0.59 a

	
8.15 ± 1.25 a




	
Yaxnic

	
2.79 ± 0.09 a

	
21.57 ± 1.44 fg

	
72.83 ± 0.89 ab

	
2.81 ± 0.80 g




	
Zapote

	
2.36 ± 0.18 bc

	
23.45 ± 2.87 ef

	
68.91 ± 2.95 cd

	
5.28 ± 0.91 b




	
Zapotillo

	
2.88 ± 0.30 a

	
20.57 ± 0.76 g

	
72.52 ± 0.63 b

	
4.03 ± 0.16 de








MC = moisture content (%), VM = volatile material (%), FC = fixed carbon (%), ASH = ash content (%). Values with the same letter are statistically equal, according to Kruskal–Wallis (p ≥ 0.05).
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Table 11. Heating value (MJ kg−1) of charcoal produced in four types of kilns.






Table 11. Heating value (MJ kg−1) of charcoal produced in four types of kilns.





	
KILN TYPE

	
BURN

	
SPECIE

	
HHV

	
MINIMUM HHV

	
MAXIMUM HHV






	
Brazilian beehive

	
1

	
White oak

	
30.64 ± 0.08 gh

	
30.55

	
30.70




	
2

	
30.61 ± 0.23 gh

	
30.44

	
30.88




	
3

	
31.33 ± 0.52 ef

	
30.74

	
31.69




	
1

	
Red oak

	
31.81 ± 0.12 cd

	
31.67

	
31.89




	
2

	
33.09 ± 0.22 a

	
32.85

	
33.26




	
3

	
31.92 ± 0.40 cd

	
31.53

	
32.32




	
1

	
Madrone

	
30.80 ± 0.21 g

	
31.67

	
31.03




	
2

	
32.89 ± 0.22 ab

	
32.85

	
33.12




	
3

	
32.05 ± 0.28 bc

	
31.53

	
32.35




	
Modified Brazilian beehive

	
1

	
Guamúchil

	
29.08 ± 0.24 jk

	
28.82

	
29.28




	
2

	
27.07 ± 0.25 mn

	
26.79

	
27.27




	
3

	
30.07 ± 0.14 i

	
29.95

	
30.23




	
1

	
Tamarindo

	
29.29 ± 0.14 j

	
29.15

	
29.43




	
2

	
31.41 ± 0.13 f

	
31.32

	
31.55




	
3

	
31.68 ± 0.04 de

	
31.65

	
31.72




	
Metallic industrial

	
1

	
Ramón

	
29.10 ± 0.21 jk

	
28.86

	
29.26




	
2

	
27.87 ± 0.21 lm

	
27.63

	
28.01




	
3

	
31.36 ± 0.20 f

	
31.23

	
31.59




	
1

	
Yaxnic

	
30.48 ± 0.18 hi

	
30.31

	
30.66




	
2

	
30.40 ± 0.29 hi

	
30.17

	
30.72




	
3

	
30.56 ± 0.50 gh

	
30.00

	
30.97




	
1

	
Zapote

	
23.89 ± 0.16 opq

	
23.75

	
24.06




	
2

	
25.88 ± 0.61 mno

	
25.30

	
26.51




	
3

	
22.41 ± 0.18 q

	
22.20

	
22.55




	
1

	
Zapotillo

	
23.47 ± 0.33 pq

	
23.12

	
23.78




	
2

	
24.03 ± 0.19 op

	
23.84

	
24.21




	
3

	
25.35 ± 0.18 no

	
25.15

	
25.51




	
Argentinian half-orange

	
1

	
White oak

	
31.67 ± 0.16 def

	
31.53

	
31.84




	
2

	
32.26 ± 0.27 abc

	
31.96

	
32.47




	
3

	
29.11 ± 0.31 j

	
28.76

	
29.30




	
1

	
Red oak

	
29.31 ± 0.24 j

	
29.12

	
29.58




	
2

	
29.21 ± 0.10 j

	
29.13

	
29.32




	
3

	
28.77 ± 0.35 kl

	
28.36

	
28.99








HHV = heating value (MJ kg−1). Values with the same letter are statistically equal, according to Kruskal–Wallis (p ≥ 0.05).
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Table 12. Sperman correlation analysis of 14 variables representative of the carbonization process.






Table 12. Sperman correlation analysis of 14 variables representative of the carbonization process.





	Variable
	MC
	VM
	ASH
	FC
	HHV
	YIELD
	MCB
	Stage1
	Stage2
	Stage3
	Stage4
	HEM
	CEL
	LIG





	MC
	1
	0.12
	−0.18
	−0.3
	−0.21
	0.23
	−0.061
	0.12
	0.21
	−0.27
	0.21
	−0.088
	−0.005
	0.2



	VM
	0.12
	1
	−0.31
	−0.9
	−0.47
	0.76
	−0.51
	0.4
	0.63
	0.35
	0.38
	−0.26
	0.35
	0.4



	ASH
	−0.18
	−0.31
	1
	0.073
	−0.42
	−0.37
	−0.11
	0.42
	0.11
	0.45
	0.33
	−0.57
	0.47
	0.35



	FC
	−0.3
	−0.9
	0.073
	1
	0.66
	−0.76
	0.47
	−0.49
	−0.65
	−0.36
	−0.47
	0.42
	−0.43
	−0.53



	HHV
	−0.21
	−0.47
	−0.42
	0.66
	1
	−0.5
	0.27
	−0.54
	−0.53
	−0.49
	−0.38
	0.53
	−0.44
	−0.59



	YIELD
	0.23
	0.76
	−0.37
	−0.76
	−0.5
	1
	−0.64
	0.55
	0.8
	0.47
	0.61
	−0.26
	0.37
	0.46



	MCB
	−0.061
	−0.51
	−0.11
	0.47
	0.27
	−0.64
	1
	−0.63
	−0.65
	−0.55
	−0.61
	0.51
	−0.71
	−0.47



	Stage1
	0.12
	0.4
	0.42
	−0.49
	−0.54
	0.55
	−0.63
	1
	0.74
	0.83
	0.79
	−0.76
	0.8
	0.68



	Stage2
	0.21
	0.63
	0.11
	−0.65
	−0.53
	0.8
	−0.65
	0.74
	1
	0.58
	0.57
	−0.52
	0.61
	0.61



	Stage3
	−0.27
	0.35
	0.45
	−0.36
	−0.49
	0.47
	−0.55
	0.83
	0.58
	1
	0.62
	−0.71
	0.75
	0.58



	Stage4
	0.21
	0.38
	0.33
	−0.47
	−0.38
	0.61
	−0.61
	0.79
	0.57
	0.62
	1
	−0.68
	0.71
	0.68



	HEM
	−0.088
	−0.26
	−0.57
	0.42
	0.53
	−0.26
	0.51
	−0.76
	−0.52
	−0.71
	−0.68
	1
	−0.91
	−0.74



	CEL
	−0.005
	0.35
	0.47
	−0.43
	−0.44
	0.37
	−0.71
	0.8
	0.61
	0.75
	0.71
	−0.91
	1
	0.61



	LIG
	0.2
	0.4
	0.35
	−0.53
	−0.59
	0.46
	−0.47
	0.68
	0.61
	0.58
	0.68
	−0.74
	0.61
	1







MC = Moisture content (%), MCB: Wood moisture content MV = Volatile material (%), FC = Fixed carbon (%), ASH = Ash content (%), HHV = Heating value, CEL = Cellulose, Lig = Lignin, HEM = Hemicellulose.
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