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Abstract

:

Tropical firewood species are of foremost importance for charcoal production worldwide. The objective of this study was to evaluate the impact of the moisture content of tropical fuelwood on charcoal production in modified Argentinean half-orange kilns in terms of yield, quality, and economic viability. Ten tropical species from the state of Quintana Roo, Mexico, were selected for charcoal production. The data were analyzed using a completely randomized design. The moisture content of the firewood was 48.99–79.31%. Temperatures close to 500 °C were obtained in the three kilns, as well as production yields of 28% with a consumption of 6.4 m3 of firewood and 38% with a consumption of 4.5–5 m3. Charcoal moisture values of less than 8%, volatile material of 20–30%, ash < 8%, fixed carbon of 60–70%, and higher heating values of 28–30 MJ kg−1 were obtained. Burn I obtained the highest energy yield of 54%, with a production of 20.87 MWh of charcoal recovered. The production cost of the kiln for the producer is USD 0.00825 (MXN 0.16) per MJ.
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1. Introduction


Charcoal is the main energy source for cooking food and heating in many countries. A total of 17% of the world’s wood is processed into charcoal, and it has also become an important source of energy in the metallurgical sector for other countries. World production in the last five years ranged from 523 to 556 million tons. The countries with the highest production in 2021 were Brazil, Egypt, and Nigeria, with 6.4, 4.8, and 4.8 million tons, respectively [1,2].



Fossil fuels represent the main resource for the generation of energy and heat worldwide, but their reserves have been reduced, and, consequently, fuel prices are increasing. In addition, the use of these fuels is causing environmental damage and is responsible for greenhouse gas emissions. For its part, charcoal production is an economically and environmentally important activity since it generates a livelihood for more than 40 million people worldwide. When its production comes from forests with forest management, it represents a sustainable biofuel, generates neutral carbon dioxide emissions, and, compared to fossil fuels, has a low sulfur and nitrogen content [2,3,4,5,6].



Tropical firewood species are significant for charcoal production worldwide. A study conducted by Hnag [7] with 150 charcoal samples from 11 European countries revealed that 46% of the charcoal analyzed came from subtropical and tropical species. Specifically, in Mexico, the production of charcoal is around 1 million tons, of which 139,048 tons were exported in 2021 [8,9], with the firewood of the genus Quercus being the most used (48.84%), followed by other broadleaves (36.46%), tropical common species (14.35%), and pine (0.34%) [10].



According to data from the National Survey of Occupation and Employment (ENOE), in 2023, in Mexico, there are currently 13,600 people working in charcoal production, 78% of whom depend exclusively on this income, with an average national wage of MXN 5000 per month (USD 298) for a five-day work week. For the southern region, the highest income was reported at MXN 8500 (USD 472.22) per month [11].



One of the key factors for determining the efficient use of firewood as a fuel is moisture content [12]. There is limited information on the effect of firewood moisture on the quality of charcoal produced. Lubwama et al. [13] established that the moisture content of firewood has a direct effect on the combustion characteristics and higher heating values of the charcoal produced. However, there is abundant information on the effect of firewood moisture on combustion in residential and industrial boilers. Reports indicate that fresh firewood, with a moisture content above 50%, has only half the heating value of dry firewood [14]. On the other hand, burning wet firewood in boilers reduces combustion temperatures, delays the ignition time, and increases emissions of carbon monoxide (CO), methane (CH4), non-methane volatile organic compounds (NMVOCs), and formaldehyde (CH2O) [15].



The type of kiln used for charcoal production depends on the producers’ economic situation and how much charcoal they want to make, type of vegetation, climate, topography, and final use. In some parts of the world, such as Africa, charcoal is the primary fuel to satisfy cooking and heating demands. On the other hand, in Brazil, the highest percentage of charcoal is directed to the metallurgical industry, while in Mexico, most of the production is used for recreational grilling activities, although in communities where access to LP gas is scarce, charcoal represents the first source of use [16,17,18,19,20,21].



In Mexico, charcoal production is carried out using technologies such as traditional kilns, including mood earth and pits, as well as masonry kilns, including Brazilian beehive kilns and hot-tail kilns. On the other hand, metallic kilns are also used, such as the retort, cevag, and metallic industrial kilns. Regarding the production system in Mexico’s southeast region, modified Argentinian half-orange kilns are used, where charcoal is produced from tropical species. Producers collect firewood daily, sourced from trees felled during the day. The firewood is transported using small trucks with a capacity of 2 to 3 cubic meters (m3). Due to these daily routines, it is not feasible to accumulate a substantial quantity of firewood in the storage yard. Consequently, the drying period under ambient weather conditions typically lasts only 3 days.



The modified Argentinean half-orange kilns hold up to 12 m3 of firewood and yield an average of two tons of charcoal. The carbonization process reaches temperatures of around 500 °C and lasts for approximately eight days. Ignition occurs at the top of the door, and the fire moves upward to initiate carbonization and then downward through the kiln. During carbonization, operators observe different smoke colors, aiding in process control. It starts with a white color, indicating initial wood moisture loss. It then transitions to dark gray, signaling the removal of volatile components. Subsequently, a blue hue appears, indicating the transformation of firewood into charcoal. At this stage, the upper vents are closed to decrease the flame, and when smoke emerges from the lower vents, it signifies the completion of carbonization. The chimney is then sealed, allowing the kiln to cool down.



As a result of this, charcoal made from tropical species is produced from fresh cut firewood, so its moisture content is high (>60%). According to Nigatu [22], for an efficient carbonization process, the moisture content should be less than 30%. However, to date, there is no information available to establish the effect that firewood moisture content has on charcoal quality under real production conditions. Therefore, the objective of this study was to evaluate the impact of the moisture content of tropical firewood on charcoal production in modified half-orange kilns in terms of yield, quality, and economic viability.




2. Materials and Methods


2.1. Site Description and Kiln Characteristics


This research was conducted in the Río Escondido Ejido, Othón Pompeyo Blanco, Quintana Roo, Mexico (18°52′32″ N, 88°44′59″ W). The charcoal was produced in half-orange kilns, which were modified by changing the ceiling to a semi-spherical shape, like in the Brazilian beehive kiln. The dimensions of the kiln are 3.5 m, 2.4 m, and 10 cm for diameter, height, and wall thickness, respectively. It has a nominal capacity of 12 m3 and produces 2000 kg of charcoal. The kiln has three vents at the top, four vents at the bottom, and a chimney. The kiln is divided into three sections for the accommodation of firewood (Figure 1). The first is responsible for ensuring ignition, as well as generating energy to dry the rest of the firewood. Usually, little charcoal is collected in the first stowage because most of the firewood is consumed during the process. The second stowage is the one with the highest charcoal production since it obtains the heat of the first stowage, thus ensuring its transformation process. The third stowage receives the heat of the second, but there is a risk that partially charred wood pieces are obtained instead of charcoal in the lower area. For this reason, in this research, the samples were placed in the second stowage to ensure complete carbonization (Figure 2). Figure 3 shows the charcoal production operation diagram.




2.2. Species Selection


The species selection was based on their abundance and use as firewood in the Río Escondido region of Quintana Roo, Mexico [23]. The selection of these species was based on their condition, with priority given to environmentally damaged but energy-intensive timbers. The charcoal was produced from the following tropical species: Haematoxylon campechianum, Gymnanteheas lucida, Vitex gaumeri, Manilkara zapota, Metopium brownei, Lysiloma bahamensis, Psidia piscipula, Coccoloba spicata, Diospyrus cuneata, and Croton reflexifolius.



Three carbonization processes (Burns) were conducted. In each Burn, three firewood samples (small logs) of each of the ten species were selected and marked. The samples were pieces of firewood with diameters ranging from 10 to 20 cm and lengths of 50 to 80 cm. Prior to each of the three Burns, all samples were marked with nails, washers, and wire to distinguish between species and repetitions, facilitating identification at the end of each Burn. The diameter, length, weight, and moisture content were measured for each sample of each species at the beginning of each Burn. The samples were positioned in the second section of the kiln to ensure thorough carbonization and to ensure complete recovery of the charcoal.




2.3. Carbonization Process


The temperature and carbonization duration were continuously monitored throughout the three Burns, and heating ramps were calculated. The temperature inside the kilns was recorded using standard type k, 5 m thermocouples and an Extech thermometer (VIR50); the thermocouples were placed in the middle of the kiln at a height of 2.2 m. The carbonization process ended when the fire reached the lower vents (Figure 2C), immediately after which the vents were sealed to prevent the charcoal from being consumed. At the end of each Burn, the charcoal samples were weighed again and five phases of carbonization were also identified, as described by García-Quezada et al. [24].




2.4. Immediate Analysis


Physicochemical analyses were performed according to the ASTM international standard D 1762-84 [25]. The charcoal sample of each species and Burn was introduced into an SM 300 cutting mill at a speed of 1500 revolutions per minute (rpm) and sieved for five minutes at a speed of 100 rpm in an AS 200 analytical sieve, obtaining a particle size of 425 μm (mesh size 40).




2.5. Yield of Charcoal


The charcoal mass yield was determined by relating the charcoal mass (kg) to the firewood mass (kg) according to Basu’s [26] Equation (1).


  M Y =   M C   M G B   × 100  



(1)




where




	
MY = mass yield (%);



	
MC = mass of charcoal (kg);



	
MGB = mass of green biomass (kg).








The charcoal yield (m3 ton−1) was obtained by relating the volume (m3) of each firewood sample to the mass (t) of the same pyrolyzed sample according to Equation (2) developed by Elyounssia et al. [27].


  Y =   V   m    



(2)




where




	
Y = charcoal yield;



	
V = volume of sample (m3);



	
m = mass of pyrolyzed sample (ton).









2.6. Higher Heating Value


The higher heating value (HHV) was determined using a semi-automatic isoperibolic calorimeter (Model AC600, LECO Instruments Ltd., St. Joseph, UK), using the Spanish standard UNE-EN 18125:2018 [28].




2.7. Energy Efficiency of Charcoal Production


Energy yield (%) is defined as the portion of energy contained in the biomass that is recovered in the charcoal according to Equation (3) developed by Canal et al. [27].


  E n e r g y   y i e l d   ( % ) =   C h a r c o a l   y i e l d     %   × H H V   c h a r c o a l   H H V   f i r e w o o d    



(3)




where




	
HHV charcoal = higher heating values of charcoal (MJ kg−1);



	
HHV firewood = higher heating value of biomass (MJ kg−1).








The total HHV used and generated during the carbonization process in each Burn was calculated using Equations (5) and (6).


  H H V   o f   f i r e w o o d = m a s s   o f   f i r e w o o d     d r y   b a s i s   × H H V   f i r e w o o d  



(4)






  H H V   c h a r c o a l   r e c o v e r e d = m a s s   o f   c h a r c o a l     d r y   b a s i s   × H H V   c h a r c o a l  



(5)







To determine the Burn energy efficiency, the HHV of firewood and charcoal expressed in Megajoules (MJ) was converted to Megawatt hours (MWh), following the conversion of 1 MJ equivalent to 0.0002777778 MWh, and then Equation (6) was developed.


  B u r n   e n e r g y   e f f i c i e n c y =   c h a r c o a l   e n e r g y   r a t e   ( MWh )   f i r e w o o d   e n e r g y   r a t e   ( MWh )    



(6)








2.8. Multivariate Exploratory Analysis


Multivariate analysis was used to identify which variables were correlated. Eleven variables related to the physical and chemical characteristics of firewood and charcoal were found to be correlated (Data are on Supplementary Material). The FactorMineR v2.4 package was used [29].




2.9. Charcoal Production Costs


The charcoal production costs of each Burn were based on information provided by producers in the Rio Escondido region. The price per cubic meter of firewood was set at MXN 300 (USD 16.66), while the labor costs for the master charcoal maker and his assistant were calculated per Burn of charcoal produced, amounting to MXN 1000 (USD 55.55). Finally, the selling price for the charcoal was established at MXN 10 per kg (USD 0.55).




2.10. Statistical Analysis


The data were statistically analyzed with a completely randomized experimental design. A Kolmogorov–Smirnov normality test was performed, yielding an unsatisfactory result (p < 0.05), so the variables were statistically analyzed with a non-parametric design using Kruskal–Wallis tests and a Dunn test comparison with a significance of α = 0.05. The procedures were performed with the package(s) and function(s) in RStudio® (2015) statistical software.





3. Results and Discussion


3.1. Carbonization Conditions


Five phases with different heating ramps were identified, and the final temperature and time taken for each of the phases in the three burns were recorded (Table 1). According to Costa et al. [30], the carbonization process is variable even if the same type of kiln and charcoal master are used. Burn I showed a carbonization time of 208 h (h) and a maximum temperature of 496 °C (Figure 4); phase 1 provided a heating ramp of 0.56 °C min−1 with a time of 3 h, which was the fastest of all Burns. Phase 2 presented a heating ramp of 0.03 °C min−1 and lasted 50 h; this phase was the longest, probably due to the high moisture content of the firewood used (average to 79.31%). Phases 3 and 4 maintained a heating ramp of 0.07 °C min−1 with a time of 18 and 53 h, respectively; thus, these phases showed the lowest heating ramps of the three Burns. Burn II reached a carbonization time of 134 h and a maximum temperature of 515 °C; phase 1 showed a heating ramp of 0.17 °C min−1 with a time of 10 h. Phase 2 presented a ramp of 0.12 °C min−1 with a time of 14 h, while phase 3 presented a ramp of 0.33 °C min−1, representing the fastest of all phases and Burns with a duration of four hours. Phase 4 presented a heating ramp of 0.16 °C min−1 with a duration of 24 h, phase 5, the cooling phase, had a ramp of −0.09 °C min−1. Burn III had a carbonization time of 182 h with a maximum temperature of 497 °C. Phase 1 lasted 4 h and had a heating ramp of 0.42 °C min−1, phase 2 showed a ramp of 0.05 °C min−1 and a time of 34 h, phase 3 had a heating ramp of 0.19 °C min−1 and a time of 7 h, phase 4 presented a heating ramp of 0.07 °C min−1 and a time of 51 h, and, lastly, phase 5 corresponding to the cooling period showed no difference with the other burns, presenting a temperature reduction of −0.09 °C min−1.



The identification of the carbonization phases is important to understand the functioning of endothermic and exothermic reactions and how the different components of wood are released, as well as their emissions. In phase 1, the kiln is ignited, while in phase 2, the moisture content of the firewood is reduced by evaporation and the chemical bonds of the hemicellulose start to break down. The highest CO2 emissions occur mainly in phase 2, especially in hardwoods, due to the high content of glucuronic acid units and O-acetyl groups in the xylan structure, which degrades polysaccharides such as glucuronoxylan, xyloglucan, and glucomannan. In phase 3, the major degradation of cellulose and remaining hemicellulose occurs, releasing methanol (CH3OH), acetic acid (CH3COOH), tar, carbon monoxide (CO), methane (CH4), and hydrogen (H2). In phase 4, the hemicellulose and cellulose content is minimal and the fixation of the carbon content begins, so that the lignin content is the last available component, which consists of a mixture of guaiacyl and syringyl units, whereas grass lignin contains a mixture of all three units, mainly composed of CHC organic compounds; the carbon content is higher as the temperature increases and the release of H2 takes place at higher temperatures [31,32].



According to Missio et al. [33], the carbonization process with wet firewood (moisture content > 30%) generates an abrupt energetic process, which is observed in the variation of the heating ramp during the first four phases of Burn II. On the contrary, Jesus et al. [34] note that a high wood moisture content (>30%) can lead to slow heating and, consequently, charcoal devolatilization becomes an incomplete process, which is reflected in gravimetric yields below 30%. Zola et al. [35] point out that wood moisture content is one of the most important parameters at the time of pyrolysis. Also, Assis et al. [36] state that the pyrolysis process should not exceed 0.10 °C per minute, as slow pyrolysis will not occur and the product generated will not have disintegrated properly. Furthermore, according to Guo et al. [37], if a high fixed carbon content is desired, carbonization at a temperature higher than 600 °C is necessary. The cooling time in this type of kiln is proportional to the time taken for the carbonization process, although, for some producers, it is a slow process. Bustos-Vanegas et al. [38] note that the long cooling time of the charcoal bed is due to the insulation characteristics of the kiln building materials and the exothermic oxidation reactions that continue to occur in the charcoal bed during the cooling, depending on the oxygen concentration of the stagnant gases.




3.2. Proximal Analysis


A greater amount of volatile material, less fixed carbon, and a lower higher heating value were observed in Burn II (Figure 5), which implies a shorter carbonization time. Although Burn III had the highest temperature, the high heating ramp (higher than 0.1 °C min−1 in all phases) was not adequate for the carbonization process, and its carbonization time and heating ramp were short for the degradation of hemicellulose and cellulose, so the charcoal obtained had a higher content of volatile material [5,39]. Ronsse et al. [40] suggest that a rapid temperature increase is beneficial for producing gas and bio-oil, but it may not be the optimal method for charcoal production. Jesus et al. [34] noted that almost 100% of the water contained in the wood is part of the composition of the pyroligneous liquor, so the charcoal obtained is high in volatiles.



Burns I and III were similar in the carbonization process. It was observed that the burning time was similar with a marked difference in the drying phase of Burn I due to the high moisture content (79%). Phase 4 had the same heating ramp in both Burns (0.07 °C min−1), with a similar maximum temperature of 496 and 497 °C. The heating ramp was slow and long-lasting in all phases, ensuring that the degradation of hemicellulose and cellulose was conducted in a good way and that the volatile material values were acceptable for domestic use; the consequence of not exceeding temperatures of 500 °C is that a fixed carbon content greater than 75% is not obtained. Burn II represented the least energetically favorable Burn; its fast-heating ramps resulted in the highest percentages of volatile material and the lowest percentages of fixed carbon. Zobo et al. [41] evaluated the quality of charcoal made from Triplochiton scleroxylon and Distemonanthus benthamianus species in three types of kilns (Traditional Kiln, Traditional Improved Kiln, and Casamance Kiln), obtaining moisture values greater than 7%, 20–49% volatile material, 1.27–3.78% ash, 39–74.95% fixed carbon, and a higher heating value of 23.02–32.51 MJ kg−1. They conclude that charcoal properties are strongly influenced by the species and the type of kiln used. Moreover, Da Silva et al. [42,43] suggest that species should be pretreated before carbonization to obtain better results, such as lower moisture, reduced volatiles, and increased fixed carbon. According to Barros et al. [43], one way to avoid charcoal heterogeneity is to segregate the raw material before pyrolysis into groups with similar wood properties. The adoption of this technique could improve kiln productivity and charcoal quality, with the latter defined by the type of end use. Compliance with EN export standard 1860-2 [44] requires a moisture content of less than 8%, ash of less than 8%, and fixed carbon of at least 75%, while for domestic consumption without export purposes, it requires a moisture content of less than 10%, ash of less than 8%, fixed carbon greater than 60%, and volatile material of less than 30% [45,46]. According to Singh et al. [47] and Ighalo et al. [48], to obtain a fixed carbon content higher than 80%, carbonization at 600–1100 °C is necessary.




3.3. Energy Efficiency of Charcoal Production


The charcoal produced in Burn III presented the best energy characteristics (p < 0.05). The charcoal had the highest percentage in fixed carbon, the least volatile material (69.3 and 21.8%, respectively), and the highest heating value (30.27 MJ kg−1), while the value of the biomass was 19.4–19.9 MJ kg−1 (Figure 6). The energy yield was highest for Burn I (54.5%), followed by Burn III (43.91%), while Burn II had the lowest value (38.65%). Canal et al. [49] obtained an energy yield of 51.83% with Eucalyptus sp., while the higher charcoal heating value (31 MJ kg−1) produced at different moisture percentages showed no significant difference. The lack of a significant difference in the higher heating value may be attributed to the carbonization process having the same time and final temperature values. Moreover, Sangsuk et al. [50] obtained 40–48% energy efficiency using drum kilns with a heat distribution pipe and tamarind wood and corncob, with a moisture content of 20–24%.



The kiln energy efficiency was higher in Burn I (33.53%), generating 20.87 MWh in charcoal (Table 2). Leme et al. [51] demonstrate that it is possible to generate electric light using the gases emitted during carbonization, with the steam Rankine cycle conversion technology capable of generating 0.93 MWh per ton of charcoal produced. According to data from the INEGI [52], of the thermal energy consumed in Mexico, the largest proportion is used for cooking food. The main fuel is gas LP gas at 79%, followed by firewood and charcoal at 11%, and natural gas at 7%. These values change for the tropical region, with LP gas being the main fuel at 64.8%, while the use of firewood and charcoal increases drastically to 31.8%, showing that the energy use and forest management of tropical species is of great importance for the region. Based on the MWh charcoal recovered, Burn I was the most suitable for energy recovery. While LP gas generates more energy (12.64 kWh/kg) than charcoal (8.33 kWh/kg), the latter is a renewable fuel and is cheaper to use for people with low incomes.




3.4. Charcoal Yield


Burn I had lower fuelwood consumption (4.59 m3t−1) and higher mass yield (36%) compared to Burns II and III, which consumed 6.36 m3t−1 and 6.43 m3t−1, respectively (p < 0.05). This consumption is consistent with the findings of Argueta [53], who reported firewood consumption of 6.5 m3t−1 in a pit-type kiln using Pithecellobium ebano, Haematoxylum brasiletto, and Sargentea gregii. The high consumption of firewood may be related to the high moisture content in the firewood prior to the carbonization process (Figure 7), although the firewood used is pretreated in the storage area to reduce the moisture content; this is affected by the high relative humidity of the environment, which ranges from 74 to 82% [54]. Firewood moisture content showed significant statistical differences among Burns (p < 0.05); Burn I exhibited a higher moisture content due to less time in the storage area, while Burns II and III had more seasoning time in the open air, resulting in a lower moisture content.



The operation of masonry kilns consists of burning part of the firewood to provide energy to the system, characterized as autothermal [55]. This operation depends on the moisture content of the firewood; if the firewood is dry, the initial firewood consumption will be low, but if the firewood has a high moisture content, it will increase its consumption by drying, thus affecting the carbonization time as there will be a greater demand for heat/energy in the thermal decomposition of the material with higher moisture [34]. Furthermore, Chandrasekaran et al. [56] noted that the carbonization temperature is a key factor affecting charcoal yield and higher heating value, as an increase in the carbonization temperature will result in a low charcoal yield.




3.5. Cost of Charcoal Production


A cubic meter of firewood placed in the storage yard has a cost of MXN 300 (USD 16.66), so 12 m3 of firewood is needed to make a Burn at a cost of MXN 3600 (USD 200). Production costs include the payment of an assistant and the master charcoal burner, who each receive a salary of MXN 1000 per Burn (USD 55.55), making the total cost to the producer to MXN 2.19, 3.04, and 3.07 per kg (USD 0.12, 0.16, and 0.17 USD) for Burns I, II, and III, respectively. Based on weight, Burn I had the highest charcoal production with 2549 kg, while Burns II and III had lower production at 1839.62 and 1819.60 kg, respectively (Table 3). On the other hand, Burn III had higher energy production at the time of marketing, with a cost of MXN 0.33 (USD 0.018) per MJ. It was observed that having a high yield is economically favorable for the producer; on the other hand, charcoal with a high volatile material content and low higher heating value increases the MJ costs, affecting the consumer. Information from the Government of Mexico [21] indicates that the per-liter price of LP gas in the tropical region is MXN 17.50 (USD 0.97), while charcoal purchased at its production site costs MXN 5 (USD 0.27). Mexico’s tropical region contains the most marginalized areas in the country; for this reason, it is possible that firewood and charcoal use is higher in this region compared to other regions of the country.




3.6. Principal Component Analysis (PCA)


Principal component analysis revealed a separation of charcoal from each Burn. Burn III was classified within the higher heating value and fixed carbon quadrant. It was noted that certain charcoals from particular species exhibited a significant deviation from the majority. This was particularly evident in the case of species 1 and 8, characterized by an increase in moisture and ash content, while species 3 presented a higher percentage of volatile material without a significant decrease in higher heating value. On the other hand, Burns I and II showed greater heterogeneity in the physicochemical patterns; the species corresponding to Burn II presented an effect towards volatile material, while the species from Burn I were oriented towards yield and volatile material (Figure 8).



The results revealed distinct patterns that suggest a notable effect of some species on the Burn, such as species 3, which presented a high higher heating value, species 1 towards a higher yield, and species 8 towards a higher ash content and moisture content, which indicates the need for future research that delves into the advantages and disadvantages in the production of charcoal in relation to tropical firewood species, an objective that is beyond the scope of this research. Costa et al. [57] failed to determine clusters in a PCA analysis, which they attributed to the fact that temperature was not considered, whereas in the present study, the charcoal groups were differentiated.



Pearson’s correlation analysis showed that volatile material content has a significant negative correlation with fixed carbon and higher heating value, while fixed carbon correlates with the heating ramp of phase 4, so for a higher percentage of fixed carbon, a slow ramp up in phase 4 is necessary. The moisture content of the wood significantly correlates with the four carbonization phases, so if the moisture content is high, the carbonization time will be slow, making the carbonization process last longer. In addition, it was observed that phases 2 and 4 correlate positively with volatile material, so a fast-heating ramp favors the presence of volatile material (Table 4).



The moisture content of the wood influences the charring process in tropical species, since the moisture content was 79.31, 48.99, and 50.68% for Burns I, II, and III, respectively; this percentage corresponds not only to moisture, but also represents the pyrolignic acid content, which is removed from the wood as the charring temperature rises. Therefore, according to Jesus [18], the higher the moisture content, the longer the carbonization time, the higher the temperature, and the longer and slower the heating ramp time needed to remove the pyrolignic acid from the wood. In addition, Hasan et al. [58] stated that during the pyrolysis process, some reactions result in some heavy radicals in the tar re-binding to the charcoal, thereby reducing the tar yield and increasing the charcoal yield; therefore, although Burn I had a very high carbonization process temperature, the firewood used in it had a very high moisture percentage, so the yield was very high since the firewood was not completely carbonized.





4. Conclusions


Wood moisture content influences the carbonization process, increasing the processing time and quality of the charcoal. The moisture content in tropical firewood species favors energy efficiency when charcoal is produced, generating more HHV and MWh per total production. A high moisture content, low temperature, and, consequently, longer processing times increase the charcoal production yield.



Modified half-orange kilns are efficient under different conditions even when the firewood has a high moisture content (>50%). The charcoal produced from tropical species with a high moisture content in modified medium-orange kilns could satisfy the demand for this type of solid biofuel, mainly in the south-central part of the country, with efficiency and quality conditions for this type of product being acceptable for national conditions of use.



Overall, the presented results regarding the quality and yield of charcoal are associated with a specific type of kiln, although the emissions from each burn were not extensively quantified. Future studies should explore different types of kilns and utilize various firewood species, considering spatio-temporal dynamics. These studies should encompass the examination of emissions during carbonization and include a comprehensive life cycle analysis. Additionally, it would be advisable to conduct an in-depth evaluation of the sustainability implications of incorporating controlled firewood drying processes.
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Figure 1. Structure of a modified half-orange kiln. (1) Upper vent; (2) door; (3) lower vent; (4) kiln chimney. 






Figure 1. Structure of a modified half-orange kiln. (1) Upper vent; (2) door; (3) lower vent; (4) kiln chimney.



[image: Fuels 05 00001 g001]







[image: Fuels 05 00001 g002] 





Figure 2. Carbonization process in a modified half-orange kiln. (A) Firewood arrangement: (1) first stacking, (2) second stacking, (3) third stacking; (B) firewood-to-charcoal transformation process; (C) blue smoke at the bottom of the kiln, indicating that carbonization is complete; (D) sample of recovered charcoal. 
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Figure 3. (1) Arrival of timber at the storage yard; (2) drying of firewood in the storage yard; (3) arrangement of firewood for charring; (4) ignition of the oven from the top of the inlet; (5) gaseous emissions during the carbonization process; (6) temperature measurement (°C) using thermocouples; (7) suffocation of the vents, a sign that the carbonization process is complete; (8) view of charcoal; (9) recovery of test pieces; (10) packaging of charcoal in 19 kg bags. 
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Figure 4. Carbonization process in a modified half-orange kiln: blue color = phase 1; yellow color = phase 2; green color = phase 3; red color = phase 4; white color = phase 5; (A) Burn I; (B) Burn II; (C) Burn III. 
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Figure 5. Proximate analysis of charcoal produced in a modified half-orange kiln. MC = moisture content (%), VM = volatile material (%), ASH = ash content (%), FC = fixed carbon (%). Values with the same letter are statistically similar, according to Kruskal–Wallis (α = 0.05). 






Figure 5. Proximate analysis of charcoal produced in a modified half-orange kiln. MC = moisture content (%), VM = volatile material (%), ASH = ash content (%), FC = fixed carbon (%). Values with the same letter are statistically similar, according to Kruskal–Wallis (α = 0.05).



[image: Fuels 05 00001 g005]







[image: Fuels 05 00001 g006] 





Figure 6. Higher heating value (MJ kg−1) of firewood and charcoal produced in modified half-orange kiln. Values with the same letter are statistically equal, according to Kruskal–Wallis (α = 0.05). 
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Figure 7. Charcoal production yield in a modified half-orange kiln: (A) cubic meters needed to produce one ton of charcoal; (B) mass yield. Values with the same letter are statistically equal, according to Kruskal–Wallis (α = 0.05). 
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Figure 8. Principal component analysis (PCA) representing the two main components. CMC = charcoal moisture content (%), FMC = firewood moisture content, VM = volatile material (%), FC = fixed carbon (%), ASH = ash content (%), HHV = higher heating value, MY = yield. 
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Table 1. Burning time and heating ramps of each phase during carbonization in a modified half-orange kiln.
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Burn

	
Firewood Moisture Content (%)

	
Phase 1

	
Phase 2

	
Phase 3

	
Phase 4

	
Phase 5

	
Total Time (h)




	
R.T. * - 100 °C)

	
Time in Phase (h)

	
100–200 °C (°C/min)

	
Time in Phase (h)

	
200–280 °C (°C/min)

	
Time in Phase (h)

	
280-M.T. ** (°C) (°C/min)

	
Time (h) in Phase

	
M.T. **-R.T. (°C/min) ***

	
Time in Phase

(h)






	
I

	
79.31 ± 14.29

	
0.56

	
3

	
0.03

	
50

	
0.07

	
18

	
0.07

	
53

	
−0.09

	
84

	
208




	
II

	
48.99 ± 14.54

	
0.17

	
10

	
0.12

	
14

	
0.33

	
4

	
0.16

	
24

	
−0.09

	
82

	
134




	
III

	
50.68 ± 14.98

	
0.42

	
4

	
0.05

	
34

	
0.19

	
7

	
0.07

	
51

	
−0.09

	
86

	
182








* R.T. = room temperature, ** M.T. = maximum temperature, *** heating ramp.













 





Table 2. Energy efficiency in the carbonization process in a modified half-orange kiln.
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	Burn
	Firewood Loaded (kg)
	Charcoal Recovered (kg)
	HHV Firewood into the Kiln (MJ)
	HHV Charcoal Recovered (MJ)
	Firewood Loaded (MWh)
	Charcoal Recovered (MWh)
	Kiln Energy Efficiency (%)





	I
	11,525.00
	2549.02
	224,046.00
	75,145.11
	62.24
	20.87
	33.53



	II
	11,252.30
	1839.62
	223,920.77
	52,705.11
	62.20
	14.64
	23.53



	III
	11,514.26
	1819.60
	229,364.06
	55,079.30
	63.71
	15.30
	24.01










 





Table 3. Cost of charcoal production, from producer to collector, in a modified half-orange kiln.
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	Burn
	Bags of Charcoal (19 Kilograms per Bag)
	Market Price
	Cost of Production per Kilogram of Charcoal
	HHV per Bag
	Cost per MJ





	I
	134.15
	MXN 25,490 (USD 1416.11)
	MXN 2.16 (USD 0.12)
	560.29
	MXN 0.339 (USD 0.018)



	II
	96.82
	MXN 18,396 (USD 1022.01)
	MXN 2.88 (USD 0.16)
	544.35
	MXN 0.349 (USD 0.019)



	III
	95.76
	MXN 18,196 (USD 1010.88)
	MXN 3.06 (USD 0.17)
	575.24
	MXN 0.330 (USD 0.018)










 





Table 4. Pearson correlation analysis of 11 variables representative of the carbonization process.
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Correlation Matrix (Pearson (n)):




	
Variables

	
CMC

	
VM

	
ASH

	
FC

	
HHV

	
MY

	
FMC

	
Phase 1

	
Phase 2

	
Phase 3

	
Phase 4






	
CMC

	
1

	
−0.047

	
0.524

	
−0.149

	
−0.141

	
0.084

	
0.301

	
0.207

	
−0.188

	
−0.220

	
−0.152




	
VM

	
−0.047

	
1

	
−0.016

	
−0.959

	
−0.777

	
0.288

	
0.076

	
−0.287

	
0.391

	
0.200

	
0.524




	
ASH

	
0.524

	
−0.016

	
1

	
−0.261

	
−0.397

	
−0.071

	
−0.123

	
0.010

	
−0.051

	
0.022

	
−0.108




	
FC

	
−0.149

	
−0.959

	
−0.261

	
1

	
0.856

	
−0.267

	
−0.065

	
0.260

	
−0.352

	
−0.184

	
−0.470




	
HHV

	
−0.141

	
−0.777

	
−0.397

	
0.856

	
1

	
−0.384

	
0.310

	
0.367

	
−0.429

	
−0.313

	
−0.501




	
MY

	
0.084

	
0.288

	
−0.071

	
−0.267

	
−0.384

	
1

	
−0.075

	
0.382

	
−0.313

	
−0.430

	
−0.203




	
FMC

	
0.301

	
0.076

	
−0.123

	
−0.065

	
0.310

	
−0.075

	
1

	
0.565

	
−0.497

	
−0.610

	
−0.382




	
Phase 1

	
0.207

	
−0.287

	
0.010

	
0.260

	
0.367

	
0.382

	
0.565

	
1

	
−0.989

	
−0.993

	
−0.935




	
Phase 2

	
−0.188

	
0.391

	
−0.051

	
−0.352

	
−0.429

	
−0.313

	
−0.497

	
−0.989

	
1

	
0.965

	
0.977




	
Phase 3

	
−0.220

	
0.200

	
0.022

	
−0.184

	
−0.313

	
−0.430

	
−0.610

	
−0.993

	
0.965

	
1

	
0.887




	
Phase 4

	
−0.152

	
0.524

	
−0.108

	
−0.470

	
−0.501

	
−0.203

	
−0.382

	
−0.935

	
0.977

	
0.887

	
1








CMC = charcoal moisture content (%), FMC = firewood moisture content, VM = volatile material (%), FC = fixed carbon (%), ASH = ash content (%), HHV = higher heating value, MY = yield.
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