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2. RESUMEN.  

Costa Rica produce una cantidad considerable e importante de residuos de madera. Estos residuos pueden ser 
pirolizados para producir carbón como producto principal, el cual puede ser utilizado como fuente de energía 
o para el tratamiento de suelos para diferentes cultivos. Sin embargo, existe una falta de información sobre los  
materiales obtenidos a diferentes temperaturas de pirólisis. Por lo tanto, este estudio determinó el rendimiento 
de diferentes productos de pirólisis y el desempeño de un pequeño reactor piloto para pirólisis lenta con cinco 
temperaturas (300, 350, 400, 450 y 500 °C) y para evaluar la calidad del carbón (física, mecánica, análisis 
final y análisis FTIR), las características del carbón como fuente energética (propiedades energéticas y 
análisis termogravimétrico—TGA) y sus características como biocarbón (conductividad, pH, ángulo de 
contacto inicial y tasas de humectación) producido de 5 residuos de madera. En relación con el rendimiento 
de los diferentes productos de pirólisis y el rendimiento del pequeño reactor piloto, los resultados mostraron 
que las temperaturas de 300-350 °C no son recomendables, porque la madera madre no se pirolizó 
completamente. Los rendimientos de carbón se mantuvieron estables entre 400-500 °C. La temperatura de 
500 °C maximizó los gases condensables (vinagre de madera y bio-oil) y no condensables, pero presentó el 
rendimiento de carbón más bajo y este carbón era quebradizo. Gmelina arborea y Dipteryx panamensis 
tuvieron un rendimiento diferente al de Hieronyma alchorneoides y Tectona grandis. G. arborea produjo un 
mayor porcentaje de gases no condensables, pero la separación de vinagre de madera y bio-diesel fue difícil 
de llevar a cabo. D. panamensis produjo un bajo rendimiento de carbón, pero hubo una ventaja, se produjo el 
mayor porcentaje de gases condensables. T. grandis y H. alchorneoides produjeron porcentajes similares de 
diferentes productos y temperaturas en el reactor. La madera de D. panamensis fue lenta para iniciar el 
proceso de pirólisis, y durante este proceso tuvo una temperatura más alta que las otras especies, pero como T. 
grandis y H. alchorneoides. Mientras que la madera madre de G. arborea, el inicio de la pirólisis fue como la 
de las otras especies, pero tuvo un tiempo de pirólisis más largo en las diferentes temperaturas. En cuanto a la 
calidad del carbón, se encontró que la temperatura de pirólisis entre 450 °C y 500 °C produjo carbones con 
valores más bajos de densidad, contenido de humedad, resistencia a la compresión, volátiles, contenido de H 
y O, y valores más altos de contenido de C y cenizas, conductividad, pH, ángulo de contacto inicial y tasas de 
humectación. Los análisis FTIR y TGA muestran que las celulosas y la lignina se pirolizan completamente a 
estas temperaturas, por lo que se recomiendan estas temperaturas. El rango de temperaturas de 300–350 °C no 
se recomienda, ya que estos parámetros fueron inversos. 

mailto:rmoya@itcr.ac.cr
mailto:ctenorio@itcr.ac.cr
mailto:jquesada@itcr.ac.cr
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Reduction of polluting gas emissions in the carbonization process of wood from 5 
reforestation species in Costa Rica 

 
Abstract  
 
Costa Rica produces a considerable important quantity of wood residues. This waste can be pyrolyzed to 
produce charcoals as main products that can be effectively used as an energy source or to immobilize carbon 
for soil treatment. However, there is a lack of information about the pyrogenic carbonaceous materials (PCMs), 
such as charcoal or biochar, obtained at different pyrolysis temperatures. Hence, this study determined the yield 
of different pyrolysis products and the performance of small pilot reactor for slow pyrolysis with five 
temperatures (300, 350, 400, 450 and 500 °C) and to evaluate the quality of PCMs (physical, mechanical, 
ultimate analysis, and FTIR analysis) and charcoal characteristics (energetic properties and thermogravimetric 
analysis—TGA) and biochar characteristics (conductivity, pH, initial contact angle, and wetting rates) for four 
tropical wood residues produced. In relation to the yield of different pyrolysis products and the performance of 
small pilot reactor, the results showed that temperatures of 300-350 °C are not recommended, because 
parentwood was not pyrolyzed completely. Charcoal yields were stable between 400-500 °C. Temperature 500 
°C were maximized condensable (wood vinegar and bio-oil) and non-condensable gases, but there were the 
lowest charcoal yield and this charcoal was brittle. Gmelina arborea and Dipteryx panamensis had different 
performance than Hieronyma alchorneoides and Tectona grandis. G. arborea produced a higher percentage of 
non-condensable gases, but the separation of wood vinegar and bio-oil was difficult to carry out. D. panamensis 
produced a low charcoal yield, but there was an advantage, the greatest percentage of condensable gasses was 
produced. T. grandis and H. alchorneoides produced similar percentages of different products and temperatures 
into the reactor. D. panamensis parentwood was only slow to start the pyrolysis process, and during this process, 
it had a higher temperature than the other species, but like T. grandis and H. alchorneoides. While G. arborea 
parentwood, the beginning of pyrolysis was like the other species but had longest pyrolysis time at different 
temperatures. Into charcoal quality, it was found that the pyrolysis temperature between 450 °C and 500 °C 
produced charcoals with lower values of density, moisture content, compression strength, volatiles, H and O 
content, and higher values of C and ash contents, conductivity, pH, initial contact angle, and wetting rates. FTIR 
and TGA analyses show that celluloses and lignin are pyrolyzed at these temperatures, so these temperatures 
are recommended. The temperature range of 300–350 °C is not recommended, as these parameters were inverse. 
 
 

3. PALABRAS CLAVE 

biomasa, bioenergía, cambio climático, carbón vegetal, Costa Rica, energías renovables, pirólisis.  
 
Key words: biomass, bioenergy, climate change, charcoal, Costa Rica, renewable energies, pyrolysis 
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4. INTRODUCCIÓN 

Durante los últimos años el uso extensivo de combustibles fósiles ha causado importantes emisiones de 
gases de efecto invernadero y problemas ambientales (Wang et al. 2016). Sin embargo, recientemente se ha 
impulsado el estudio y la generación de nuevas alternativas para reemplazar los combustibles fósiles que 
satisfagan las demandas energéticas a nivel mundial (Wang et al. 2016). En este contexto, la biomasa para la 
producción de energía (bioenergía) cuenta con gran interés dada su accesibilidad, diversificación y abundancia 
(Lauri et al. 2019). La biomasa puede desarrollarse ampliamente con la explotación sostenible de nuevos 
recursos y con la mejora de tecnologías para su conversión (Tursi 2019). Así mismo el sector de producción 
agrícola, cada vez incorpora más tierras a la producción, con los consecuentes problemas de sostenibilidad de 
los suelos a largo plazo, ya que a estos deben incorporar de forma constante los macro y microelementos 
necesarios para que los suelos continúen su producción. 

 
La biomasa, como se indicó, es una fuente para producir carbón, sin embargo cuenta con propiedades 

no deseables para ser usada en la combustión directa tales como altos contenidos de humedad, densidades bajas, 
alto contenido de sustancias volátiles poco aprovechables y naturaleza higroscópica, dando como resultado un 
poder calórico bajo en relación a otros combustibles (Singh et al. 2016). Y en la fertilización cuando se usa su 
forma natural el único beneficio es el de regulador de pH, y no es un aporte importante a la fertilización ya que 
la degradación es compleja y puede acarrear problemas a los suelos. Es por esto que se han desarrollado e 
implementado algunas tecnologías más eficientes para la conversión de la biomasa (Chen et al. 2015) a otro 
tipo de materia prima que puede ser utilizada como energía o bien que ayude a la fertilización de los suelos, en 
este caso es la pirolisis a baja temperatura, siendo el carbón el material sólido resultado de la carbonización.  

 
A nivel mundial existen diferentes métodos para la carbonización de biomasa, y cada uno de ellos está 

orientado a diferentes tipos de materia prima. Entre los métodos más utilizados están los tradicionales como 
parva y tipo hueco (Adam, 2009), los métodos más tecnificados, como hornos de ladrillo, hornos metálicos y 
los sistemas mejorados o hornos de carbón (Cha et al., 2019). Sin embargo, el tradicional método de la carbonera 
(covered earth pit) sigue siendo el más utilizado en Costa Rica y en otros países en vías de desarrollo, ya que la 
inversión es menor y no requiere de gran conocimiento (Coomes y Milther, 2017). Este método consiste en 
aislar la leña del oxígeno cubriéndola con tierra y vegetación en una semi-excavación, para luego realizar la 
pirolisis o carbonizarla (Coomes y Milther, 2017). Durante el proceso, los gases calientes, producidos por la 
quema parcial de la carga de madera, secan lentamente la tierra y calientan el resto de la madera al punto de 
carbonización, de alrededor de 280°C (Robert, 2019). A pesar de la facilidad de este método de producción de 
carbón, se obtienen rendimientos bajos y el carbón puede ser de mala calidad, debido a que el material no se 
carboniza uniformemente y al extraerlo el carbón se mezcla con la tierra (Coomes y Milther, 2017). 

Es un proceso de conversión termoquímica que funciona en condiciones inertes y en un rango de 
temperatura moderado (menor a 500°C), su objetivo es convertir la biomasa en carbón, este proceso puede 
denominarse carbonización de baja velocidad de calentamiento (Antal and Grønli 2003). El proceso de 
conversión de la biomasa leñosa en carbón incluye desvolatilización, despolimerización y la carbonización 
(Manyà 2012; Tripathi et al. 2016). Los productos de este proceso de carbonización son carbón, bio-petróleo y 
gases (Tripathi et al. 2016). Cuando se carboniza a temperaturas moderadas entre 400 y 500°C, una parte 
importante de la masa de biomasa seca se retiene como un producto sólido, el resto se convierte en gases y 
vapores (Qian et al. 2015).   

En el Instituto Tecnológico de Costa Rica existe un trabajo previo a este, tanto en el diseño, construcción 
y uso de reactores de carbonización de bajo costo, como en el uso del carbón producido para el mejoramiento 
de suelos, principalmente en sus propiedades hidrológicas, así como en la caracterización de bio-carbones 
elaborados en el ITCR (Quesada Kimzey, 2012; Masís-Meléndez et al., 2020; Villagra-Mendoza et al., 2021). 
Ha habido una serie de proyectos apoyados por la VIE, en los que la temática ha sido la carbonización de 
biomasas en vistas a su aplicación energética o en suelos. 

 
Diferentes estudios en la literatura han señalado que la biomasa convertida en carbón comparada con la 

biomasa cruda presenta muchas ventajas tales como, menores contenidos de volátiles y radios molares de O/C 
(oxigeno/carbono) y H/C (hidrogeno/carbono) bajos, lo que provoca una disminución de la emisión y pérdida 
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de energía durante la combustión (Wang et al. 2016) o bien no puede ser incorporado al suelo. A su vez se 
reportan contenidos de carbono fijo más altos, así como valor de calentamiento (por unidad de masa) y mayor 
densidad de energía (cuando está comprimida) y excelente componente para la nutrición de plantas. También 
en el proceso de carbonización se pierden gran cantidad de impurezas de combustibles no deseados como 
nitrógeno, azufre, cloro y álcalis (Abdullah and Wu 2009; Abdullah et al. 2010).   

 
Entre las fuentes de materia prima más utilizadas para la producción de carbón se encuentran los 

residuos forestales provenientes de las industrias primarias y secundarias de la madera (Solar et al. 2016). El 
aprovechamiento de residuos de procesos industriales disminuye el costo operativo y las emisiones de carbono, 
y a la vez es una solución para los problemas ambientales y de salud causados cuando no se descartan 
apropiadamente (Solar et al. 2016). En este contexto, en el carbón vegetal de especies maderables tropicales, se 
reportan valores de entre un 60% y 85% de carbón fijo (Vafaeenezhad et al. 2013), contenidos de volátiles del 
32% al 12% (Nisgoski et al. 2014), contenidos de cenizas por debajo del 8% (Saiz et al. 2014), valores 
energéticos aproximados 26.46 MJ/kg (Anupam et al. 2016). Las ventajas del uso de carbón como fertilizante 
en el suelo han mostrado su eficacia en diferentes cultivos agrícolas (Medina & Alex, 2019). Por ejemplo, en 
diferentes dosis de biocarbón proveniente de la mazorca de maíz, cáscara de café y exoesqueleto de langostino 
sobre proceso de germinación y crecimiento de semillas de Capparis scabrida en etapa de vivero, mostró que 
reduce el tiempo de germinación y aumenta la masa foliar de las plantas (Herrera et al., 2018). Otro estudio 
realizado en Perú, evaluó el efecto del biocarbón a partir de residuos orgánicos y demostró que hubo efecto 
positivo en la germinación de Ceiba trichistandra (Medina & Alex, 2019). Existen abundantes estudios 
enfocados al efecto favorable del carbón sobre las propiedades hidrológicas de los suelos, entre ellos algunos 
con impotante participación del ITCR (Villagra-Mendoza & Horn, 2018a; Villagra-Mendoza & Horn, 2018b; 
Villagra-Mendoza & Horn, 2019; Masís-Meléndez et al., 2020; Villagra-Mendoza et al., 2021). 

 
Por otro lado, en Costa Rica se usan especies de reforestación de rápido crecimiento con períodos de 

rotación menores a los 25 años como Acacia mangium, Alnus acuminata, Bombacopsis quinata, Cordia 
alliodora, Cupressus lusitanica, Dipteryx panamensis, Enterolobium cyclocarpum, Gmelina arborea (especies 
exóticas), Hieronyma alchorneoides, Samanea saman, Swietennia macrophylla (especies nativas), Tectona 
grandis, Terminalia amazonia, Terminalia oblonga, Vochysia ferruginea y Vochysia guatemalensis, que han 
demostrado excelentes resultados como especies de reforestación en plantaciones forestales de Costa Rica 
(Roque 2004; Petit and Montagnini 2004). Los principales usos de la madera de estas especies en Costa Rica 
se dan en la industria primaria, en la construcción y en la manufactura secundaria (Serrano and Moya 2011). 
En estos procesos se estima que los rendimientos de la madera aserrada comercializable rondan el 25% del 
volumen en la plantación forestal, evidenciando poca eficiencia y la producción de un alto porcentaje de 
residuos (Espinoza-Durán and Moya 2013). Por lo que debería de ser de alta importancia la renovación de la 
industria mediante la valorización y utilización de los residuos generados en estos procesos, útiles para la 
producción de energía eléctrica y calórica, cogeneración, producción de carbón y leña para cocinar, producción 
de abono orgánico, entre otros (Serrano and Moya 2011).  

 
Actualmente en Costa Rica, aunque se dispone de información sobre las características de la madera y su 
comportamiento en diferentes procesos industriales de las especies utilizadas en plantaciones forestales (Moya 
et al. 2019), se cuenta con pocos datos sobre las propiedades físico-químicas y energéticas del carbón producido 
con residuos provenientes de esta materia prima. Por otra parte, el diseño de reactores de carbonización que 
sean de construcción local, de bajo costo y con emisiones mínimas, son escasos o inexistentes. Es por esto que 
el presente proyecto de investigación tiene como objetivo determinar las condiciones experimentales óptimas 
para la carbonización de 5 especies de plantaciones forestales (Gmelina arborea, Tectona grandis, Hieronyma 
alchorneoides, Cupressus lusitanica y Dipteryx panamensis) y evaluar su comportamiento y rendimiento 
mediante la fabricación de un reactor industrial de 2 m3, diseñado, construido y optimizado localmente en 
cuanto a costo, eficiencia y emisiones 
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5. ARTÍCULOS CIENTÍFICOS: 

 

 

Artículo 1: Charcoal production from four tropical woods through slow pyrolysis under 
different temperatures: yield of different products and condition of pyrolysis into the reactor 
 
 
Referencia: MOYA, R., TENORIO, C., QUESADA-KIMZEY, J. (2024). Charcoal production from four 
tropical woods through slow pyrolysis under different temperatures: Yield of different products and condition 
of pyrolysis into the reactor. Biomass Conversion and Biorefinery, DOI: https://doi.org/10.1007/s13399-024-
05366-y 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

https://link.springer.com/article/10.1007/s13399-024-05366-y
https://doi.org/10.1007/s13399-024-05366-y
https://doi.org/10.1007/s13399-024-05366-y
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Artículo 2: Pyrogenic Carbonaceous Materials Production of Four Tropical Wood Produced 
by Slow Pyrolysis at Different Temperatures: Charcoal and Biochar Properties 
 

 

Referencia:  MOYA, R., TENORIO, C., QUESADA-KIMZEY, J., MASIS-MENDEZ, F. (2024). Pyrogenic 

carbonaceous materials production of four tropical wood produced by slow pyrolysis at different 

temperatures: Charcoal and biochar properties. Energies 2024, 17(8), 1953-1974; 

https://doi.org/10.3390/en17081953 
 

 

https://doi.org/10.3390/en17081953
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Abstract 

Pyrolysis of biomass residues can generate savings in the value chains of forest products due to the potential uses of 
its products in the forestry sector. The aim of this study was to know performance during slow pyrolysis process and 
their yields of different products (charcoal, wood vinegar, bio-oil, and non-condensable gases) of two shape of 
residues, wood chips and solid wood board-ends from Gmelina arborea wood, in a small-scale prototype of a semi-
industrial reactor. Results showed that using board-ends, the parentwood presented the lowest moisture content 
(10.2%) and the reactor has the highest volume capacity. Furthermore, this residue reached the highest temperature 
during pyrolysis (262.4 °C) and the shortest pyrolysis time (93 min), requiring less energy consumption. Besides, 
the results showed no significant differences in yields of charcoal, wood vinegar and non-condensable gases. 
However, bio-oil yield was higher for the solid wood board-ends residues (7.7%). Then, results suggest that shape 
of parentwood provided similar charcoal, condensable and non-condensable gases yields, but solid board-ends are 
recommended to obtain higher yield of bio-oil and complete the process in less time.   
Keywords:  pyrolysis; biochar; pyroligneous acids; wood tar; wood vinegar 
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1. Introduction 

Biomass pyrolysis is the thermal degradation of biomass in absence of oxygen and is one of the most 
common thermochemical biomass conversion processes for energy production (Velmurugan, 2022, Tan et al., 
2021). Biomass decomposition occurs at elevated temperatures (400 – 900 ⁰C) by breaking down the long-chain 
hydrocarbons in the wood biopolymers (Tan et al., 2021; Dhyani & Bhaskar, 2018). Pyrolysis can be categorized as 
slow pyrolysis or fast pyrolysis based on the heat rate and maximum reaction temperature (Tan et al., 2021). Slow 
pyrolysis occurs at temperatures between 300-700 °C with residence times of minutes to hours and heating rates of 
0.1-10 °C min-1 (Tan et al., 2021).  

The yield of biochar is maximized (~35%) through slow pyrolysis (Tomczyk et al., 2020) and when the 
gasses are condensed one proportion is called as bio-oil (3-5%) and is a viscous mixture of organic compounds, 
mostly oxygenated hydrocarbons (Oasmaa et al., 2021) and other proportion of gases condensed (~25%) are called 
wood-vinegar (Wu et al., 2015). Finally, a proportion (~35%) are not condensed and named as syngas production 
(Tomczyk et al., 2020). 

Biochar is a carbon-rich and solid product of biomass pyrolysis (Wang et al., 2020). Biochar is suitable for 
a wide range of applications in heat and power production, metallurgy, agriculture, medical uses, among others due 
to its chemical and physical properties (Weber & Quicker, 2018). Wood vinegar had gained popularity in the 
agricultural and forestry sector, being used as biostimulant or plant growth regulator (Ofoe et al., 2022; Zhu et al., 
2021), natural fungicide (Chen et al., 2022), and herbicide (Aguirre et al., 2020). On the other hand, non-condensable 
gases (syngas) are composed of a mixture of carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2), methane 
(CH4), and lesser amounts of water and other gases. So, many of these gases are used as a fuel to produce heat, that 
can be used for pyrolysis process or other process as to generate electricity (Bajpai, 2020).  
On the other hand, 88 % of the total roundwood produced in Central America and the Caribbean is used as fuel 
(Thiffault et al., 2023), showing the importance of fuel in part of the world. Moreover, in 2020, 90% of global 
bioenergy demand was produced in a traditional way in open fires or rustic kilns (International Energy Agency, 
2021). The Central America need for a structural transition towards the valorization of forest resources is evident. 
According to Béland et al. (2020), increasing the profitability of wood energy can be obtained by managing the 
wood residues and generating savings in the process. 
In Costa Rica, fuelwood has gained popularity in recent years as a renewable alternative to the growing energy 
demand and an aid to sustainable rural development (Arias, 2020). In that sense, energy production from forest 
biomass has been found viable for self-consumption (González et al., 2018). Short rotation energy plantations 
produce feedstock for energy production (Tenorio et al., 2016; Arias, 2020). However, some studies recommend the 
use of forest residues as an innovative solution for different thermal and thermo-chemical process for energy 
productions, as gasification (Chaves et al., 2023), torrefaction (Gaitán-Álvarez et al., 2017), pyrolysis (Berrocal-
Méndez & Moya, 2022), besides the physical modification of this feedstock as pellet fabrication (Moya et al., 2015). 
Consequently, efforts have been made to determine the combustible characteristics of wood and charcoal produced 
from the most commercialized forestry species (Balaguer-Benlliure et al., 2023; Moya & Tenorio, 2013, Moya et 
al., 2024). 

Gmelina arborea Roxb. ex Sm (melina), is the second most reforested forest species in Costa Rica (Instituto 
Nacional de Estadística y Censos, 2022). It is the main species used in the manufacture of pallets, a product that 
dominates the national timber market (Oficina Nacional Forestal, 2022). However, sawnwood yields are low and 
residues of up to 78% of the standing tree volume have been reported, suggesting the need to find alternatives for 
the non-marketable volume (Espinoza-Durán & Moya, 2013).  
On the other hand, G. arborea wood has desirable physical and chemical properties for pyrolysis and char 
production. High calorific value (20 MJ kg-1), intermediate carbon fraction (48 %), and low ash fraction (1 %) has 
been reported (Moya & Tenorio, 2013). Charcoal from the pyrolysis of G. arborea has shown intermediate energy 
properties and a high proportion of hydrogen (H) compared to other fast-growing species (Balaguer-Benlliure et al., 
2023). Nevertheless, G. arborea wood can present high moisture content and cellulose percentage (47%) (Moya & 
Tenorio, 2013). High moisture and cellulose lead to tar production and high cellulose influence the production of 
high char at low temperatures and the production of volatile products at high temperatures (Tripathi et al., 2016). 
These findings suggest that pyrolysis products of G. arborea can be optimized based on the parentwood and the type 
of pyrolysis. In fact, Moya et al. (2024) showed the main variables of pyrolysis process and yields of different 
products were affected by pyrolysis temperature. 

So, G. arborea is a potential species for residues-based charcoal production. This study aims to (i) 
determine the yields of the different products (charcoal, wood vinegar, bio-oil, and non-condensable gases) and (ii) 
evaluate the conditions in three stages of the slow pyrolysis process of two shape of wood residues (wood chips and 
solid wood board-ends) of Gmelina arborea, from a semi-industrial prototype reactor. Results are going to be useful 
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to estimate the production of biochar, condensable liquids (vinegar and bio-oil) and non-condensable gases from 
wood residues of Gmelina arborea. 

 
2. Materials and methods 

2.1. Materials  
Wood residues with shape from the sawmill process and secondary process of Gmelina arborea were used. The 
company Maderas Cultivadas de Costa Rica (MCC) provided the wood from fast-growing plantations between 9 

and 15 years old. Two shapes of wood residues were used: wood chips and solid wood board-ends (Figure 1a-
b).  

 
Figure 1. Wood residues of G. arborea used in the pyrolysis process: (a) chip parentwood and (b) 
board-ends solid parentwood. Different parts in the rector: Non-condensable gases outlet (c) and 
temperature meter probes at three stages of the wood residues pyrolysis process: pyrolizer gas outlet (d), 
after the first cooler (e) and after the second cooler (f). 

2.2. Raw material characterization 
Chip parentwood were residues from sawlog processing with dimensions of 5 to 10 cm long x 2-5 cm width and 
air-dried. Solid parentwood board-ends were residues from the secondary wood processing with dimensions of 4-
25 cm long and 12-32 mm thick. Moisture content (MC%) was calculated according to the oven-dried secondary 
method of ASTM D4442-20 standard (ASTM, 2020). Three samples per batch of type of residue were extracted. 
Before each running of the pyrolysis process, the total weight of the residues was measured using a digital balance 
with 150 kg capacity. 
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2.3. Slow pyrolysis process 
The pyrolysis of wood residues was carried out in a cylindrical reactor of 58 cm diameter, 88 cm long, and 232 L 
capacity (Figure 2). The reactor was covered with another cylinder with a glass fiber insulating jacket. First, the 
reactor was heated with liquefied petroleum gas (LPG) until pyrolysis. Then the pyrolytic gases were cooled 
through a system of coolers made of two helical coil heat exchangers. The first heat exchanger was cooled with air 
at room temperature and the second cooler with a closed water circuit moved by a pump. Liquids were collected 
after each cooler. Non-condensable gases (syngas) were utilized to heat the reactor (Figure 1c). The slow pyrolysis 
was finished when the syngas flame was over. The pyrolysis process was executed five batches or running for chip 
parentwood and four batches or running for solid parentwood board-ends. 

 
Figure 2. Cylindrical reactor designed and utilized for evaluation of the slow pyrolysis process. 

Temperature was registered in three different stages of the process and are showed in the Figure 1d-f: pyrolizer gas 
outlet temperature (Probe 1, Figure 1d), temperature of gases after the first cooler (Probe 2, Figure 1e) and 
temperature of non-condensable gases after the second cooler (Probe 3, Figure 1f). Temperatures were measured 
each minute with a datalogger Testo model 176/T4 (Testo SE & Co., Titisee-Neustadt, Germany) and were 
registered for each running of the pyrolysis process. 
 

2.4. Evaluation of the yield of pyrolysis products 
The yields of the different products were calculated as Moya et al (2024): charcoal, bio-oil, wood vinegar and non-
condensable gases. Parentwood was weighted before running the pyrolysis process and at the end of this, charcoal, 
bio-oil and vinegar were weighted to calculate each yield. The yields of charcoal, bio-oil and vinegar were 
calculated according to Eq. (1). Non-condensable gases yield was calculated according to Eq. (2) 
 
𝐶ℎ𝑎𝑟𝑐𝑜𝑎𝑙, 𝑣𝑖𝑛𝑒𝑔𝑎𝑟	𝑜𝑟	𝑏𝑖𝑜 − 𝑜𝑖𝑙		𝑦𝑖𝑒𝑙𝑑	(%) = 	 !"#$%&#',			*+,-.#$	&$	/+&0&+'	1-+."2	(4.)

	6#$-,21&&7	1-+."2	(4.)
∗ 100    (1) 

𝑁𝑜𝑛 − 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑏𝑙𝑒		𝑦𝑖𝑒𝑙𝑑	(%) = 100 − (𝑐ℎ𝑎𝑟𝑐𝑜𝑎𝑙 + 𝑣𝑖𝑛𝑒𝑔𝑎𝑟 + 𝑡𝑎𝑟	𝑦𝑖𝑒𝑙𝑑𝑠)    (2) 

 

2.5. Evaluation of conditions in three stages of the pyrolysis process 
The temperature and time data were used to evaluate the pyrolysis process according to Moya et al (2024) with 
some modifications. Temperature was recorded in three stages using probes: (1) outlet pyrolysis gas reactor, (2) 
outlet pyrolysis gas of cooler 1 and (3) outlet pyrolysis gas of cooler 2 (Figure 1d-f). Four parameters for the outlet 
pyrolysis gas reactor and outlet pyrolysis gas of cooler 1, and three parameters for the outlet pyrolysis gas of 
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cooler 2. Figure 3 presents the points and abbreviations of the parameters in the different stages and table 1 
describes the parameters evaluated. Finally, the duration of the pyrolysis process was measured. 

  
Figure 3. Different stages of the pyrolysis process of Gmelina arborea wood residues in four points of 
the outlet pyrolysis gas reactor and outlet pyrolysis gas of cooler 1, and three points of the outlet 
pyrolysis gas of cooler 2. 

 

Table 1. Parameters of time and temperature of the different stages evaluated during pyrolysis process 
of Gmelina arborea. 

Stage Parameters Abbreviations of 
points in figure 3 

Outlet 
pyrolysis gas 
of reactor 
 

1. Time when temperature began to increase 
2. Time when water evaporation began 
3. Temperature when water evaporation began 
4. Time of stabilization in maximum temperature 
5. Temperature of stabilization in maximum temperature  
6. Time when temperature began to decrease  
7. Temperature when it began to decrease 

OR-1 
OR-2 
OR-2 
OR-3 
OR-3 
OR-4 
OR-4 

Outlet 
pyrolysis gas 
of cooler 1 
 

1. Time when the temperature begins to increase 
2. Time when water evaporation began 
3. Temperature when water evaporation began 
4. Time of stabilization in maximum temperature 
5. Temperature of stabilization in maximum temperature  
6. Time when temperature began to decrease 
7. Temperature when it began to decrease 

OC1-1 
OC1-2 
OC1-2 
OC1-3 
OC1-3 
OC1-4 
OC1-4 

Outlet 
pyrolysis gas 
of cooler 2 
 

1. Time when temperature began to increase 
2. Time when water evaporation began 
3. Temperature when water evaporation began 
4. Time when temperature began to decrease 
5. Temperature when it began to decrease 

OC2-1 
OC2-2 
OC2-2 
OC2-3 
OC2-3 

 

2.6. Statistical analysis 
The assumptions of normal distribution and homogeneity of variances were confirmed for the different product 
yields and the parameters evaluated during the pyrolysis process. Two-sample t-tests were carried out to determine 
statistical differences between the average of the variables measured of the wood residues. In addition, two different 
principal component multivariate analysis (PCA) were applied: first one was computed to explain the relationship 
between a first group of variables, consisting of the feedstock MC%, the pyrolyzer capacity and the yields of the 
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different products and the second one PCA was carried out for the relationship of the time and temperature conditions 
and final duration of the batches of the pyrolysis process. Two PC were established for each analysis and the type 
of parentwood was used to analyze the clustering of the observations. The t-tests and multivariate analyses were 
conducted using the R programming language v.4.3.1 in the integrated development environment RStudio 
v.2023.16.0-421 (R Core Team, 2023). 
 
3. Results 

3.1. Pyrolizer capacity and parentwood moisture 

Pyrolyzer capacity varied between two shapes of residues. The reactor had a significantly higher mass of solid wood 
board-ends weight, with 10.79 kg. And for chip parentwood, the pyrolizer had an average of 6.50 kg in capacity 
(Table 2). Furthermore, parentwood presented MC% differences as well, solid wood board-ends had a statistically 
lower MC% than chip parentwood. 

Table 2. Moisture content (MC%) and pyrolizer capacity of parentwood. 

Parentwood MC (%) Weight (kg) 
Chips 16.11A 6.50B 
Board-ends 10.20B 10.79A 

Legend: Different letters between residues indicate statistical differences (p-value<0.05) 

3.2. Evaluation of the yield of pyrolysis products 
The different products obtained during the pyrolysis process are presented in Figure 4a. Charcoal and vinegar 
presented similar yields, that varied from 26 to 31% and from 27 to 32%, respectively (Figure 4b and Figure 4c). 
The yield of condensable (sum of vinegar and bio-oil) was statistically equal in two types of shape of parentwood, 
which varied between 33 and 38% (Figure 4d). Bio-oil had the lowest yield among the different products (Figure 
4a), presenting the highest percentage when solid parentwood board-ends was used (7.7%) (¡Error! No se 
encuentra el origen de la referencia.e). The product with the highest yield was the non-condensable (syngas), it 
varied between 34 to 40% (¡Error! No se encuentra el origen de la referencia.f).  
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Figure 4. (a) Distribution of the products and yields of (b) charcoal, (c) condensable gases, (d) wood vinegar, (e) 
bio-oil (e), and (f) non-condensable gases from the pyrolysis process of two shape of wood residues of Gmelina 
arborea.  
Note: Confidence limits α=0.05 and different letters between residues indicate statistical differences (p-
value<0.05). 
 

3.3. Evaluation of conditions in three stages of the pyrolysis process 
The total duration of pyrolysis process presented significant differences among wood residues. Chips parentwood 
lasted longer with 118 min, compared to the 93 min for solid parentwood board-ends. In the three stages evaluated 
of the pyrolysis process, the time when the temperature started to increase (OR-1, OC1-1 and OC2-1) and time and 
temperature when the water started to evaporate (OR2, OC1-2 and OC2-2) did not presented significant differences 
between two shape of residues ( 
 
Table 3) 
Outlet of the reactor. The time when the temperature started to increase (OR-1) varied between 1 to 13 min after 
starting to heat the reactor and any difference was found between two types of parentwood (Table 3). The time and 
temperature when the water started to evaporate (OR-2) varied between 12 to 20 min and 67.5 to 89.6 °C, 
respectively (Table 3) and again not difference was observed between two types of parentwood. The time and 
temperature when the process (OR-3) reached the maximum temperature and when it began to decrease varied 
among two types of residues of parentwood (Table 3). Solid parentwood board-ends presented higher values of 
maximum temperature and shorter time than chips parentwood. After 5 min of stabilization of the maximum 
temperature, it began to decrease (OR-4) at between 205.5 and 273.0 °C for solid parentwood board-ends and 144.8 
and 170.3 °C for wood chips, with statistical differences between two types of parentwood ( 
 
Table 3). 
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Outlet of the cooler 1. Temperature began to increase in cooler 1 (OC1-1) after 10 min later than the outlet of the 
reactor for two types of residues, between 12 to 18 min. Then the evaporation of water in the reactor was registered 
in the cooler (OC1-2) at a time between 18 and 21 min and temperature between 75.1-78.2 °C for two type of 
residues and any statistical differences. Later, maximum temperatures (OC1-3) were reached, and solid wood board-
ends presented statistically higher temperature and shortest time than wood chips ( 
 
Table 3). 
Approximately 5 min later, the temperature began to decrease at 173 to 177.3 °C for solid wood board-ends and 
90.9 to 95 °C for chips parentwood (OC1-4) and both types of residues were statistically different ( 
 
Table 3) 
Outlet of cooler 2. The time when the temperature started to increase (OC2-1) varied between 19 and 40 min, the 
temperature when water started to evaporate in the reactor (OC2-2) from 59.2 and 75.1 °C and the range of time of 
22 to 50 min showed no statistical difference. The temperature stabilized at water evaporation (OC2-2) and then 
started to decrease (OC2-3) at 71-86 min for solid parentwood board-ends and this time was statistically lower than 
chips parentwood (Table 3). Temperatures not presented statistical differences ( 
 
Table 3). 

 

Table 3. Conditions of temperatures and times of the different stages during pyrolysis process of wood 
residues of Gmelina arborea. 

Stage Abbreviations of points in 
figure 4 

Time (min) Temperature (°C) 

Board-ends Chips Board-ends Chips 

Outlet pyrolysis 
gas of reactor 

OR-1 3.0A 8.7A - - 
OR-2 12.7A 15.0A 73.4A 75.8A 

OR-3 80.0B 103.7A 262.4A 162.2B 

OR-4 85.3B 109.0A 240.4A 153.7B 

Outlet pyrolysis 
gas of cooler 1 

OC1-1 14.3A 17.0A - - 

OC1-2 18.0A 21.7A 76.8A 76.6A 

OC1-3 82.0B 104.7A 182.1A 97.5B 

OC1-4 87.0B 110.7A 174.8A 92.3B 

Outlet pyrolysis 
gas of cooler 2 

OC2-1 21.3A 31.7A - - 

OC2-2 25.0A 37.0A 73.1A 64.9A 

OC2-3 77.3B 103.0A 64.8A 59.9A 
Legend: Different letters between parentwood (board-ends and chips) of the corresponding variable (time and 
temperature) are statistically different at 95%. 

3.4. Multivariate Analysis 
The first PCA applied for the moisture content (MC%), the pyrolyzer capacity and the products yields showed the 
first two principal components (PC) explaining approximately 82% of the accumulated variability ( 
Table 4. Proportion of variance of the principal components of the multivariate analysis for the moisture content of 
parentwood, pyrolyzer capacity and pyrolysis products yields (PCA 1) and for the time and temperature conditions 
of the pyrolysis process in three stages (PCA 2).). The PC 1 was mainly influenced by MC% and the pyrolyzer 
capacity, and in less proportion by the yields of vinegar and bio-oil (Note: For PCA 2 the principal components from 
6 to 20 had a proportion of variance of <0.01. 
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Figure 5. (a) PCA of the weight and moisture content and pyrolysis products yields for pyrolysis 
process and (b) PCA for the time and temperature conditions of the pyrolysis process in three stages.  

Note: Ellipses at 95% of normal probability group the observations by parentwood. 
). The PC 2 explained the 29% of the variation between observations ( 
Table 4. Proportion of variance of the principal components of the multivariate analysis for the moisture content of 
parentwood, pyrolyzer capacity and pyrolysis products yields (PCA 1) and for the time and temperature conditions 
of the pyrolysis process in three stages (PCA 2).) and it was mostly influenced by the charcoal yield (Note: For PCA 
2 the principal components from 6 to 20 had a proportion of variance of <0.01. 

  
Figure 5. (a) PCA of the weight and moisture content and pyrolysis products yields for pyrolysis 
process and (b) PCA for the time and temperature conditions of the pyrolysis process in three stages.  

Note: Ellipses at 95% of normal probability group the observations by parentwood. 
). The PCA using the principal component 1 and 2 of the observations showed that the relationship between variables 
of the MC%, pyrolyzer capacity and pyrolysis products yields (Figure 5a). It was also possible to distinguish two 
groups that represent the observations: one group for solid wood board-ends and other one for chips parentwood 
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(Figure 5a). Solid parentwood board-ends was more correlated to PC 1, and the factors associated to this grouping 
were pyrolyzer capacity and bio-oil yield. On the other hand, chips parentwood are associated more with the PC 2 
and the association factor were the parameter of MC%, and vinegar and charcoal yields (Figure 5a). 

 

Table 4. Proportion of variance of the principal components of the multivariate analysis for the 
moisture content of parentwood, pyrolyzer capacity and pyrolysis products yields (PCA 1) and for the 
time and temperature conditions of the pyrolysis process in three stages (PCA 2). 

PCA 1 PCA 2 

Principal component Proportion  Accumulated 
proportion 

Principal 
component Proportion Accumulated 

proportion 
1 0.53 0.53 1 0.67 0.67 
2 0.29 0.82 2 0.14 0.81 
3 0.13 0.95 3 0.09 0.90 
4 0.04 0.99 4 0.06 0.96 
5 0.01 1 5 0.04 1 
6 <0.01 1 6 <0.01 1 

Note: For PCA 2 the principal components from 6 to 20 had a proportion of variance of <0.01. 

  
Figure 5. (a) PCA of the weight and moisture content and pyrolysis products yields for pyrolysis 
process and (b) PCA for the time and temperature conditions of the pyrolysis process in three stages.  

Note: Ellipses at 95% of normal probability group the observations by parentwood. 
 
The second PCA applied for the time and temperature conditions of the pyrolysis process indicated that the two first 
factors account for the 81% of the total variance among the observations (Figure 5b). The PC 1 captured 
approximately 67% of the variance  ( 
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Table 4) and it was influenced mostly by the conditions of the three stages of the pyrolysis process when the 
temperature stabilized at a maximum temperature and when it started to decrease (

  
Figure 5. (a) PCA of the weight and moisture content and pyrolysis products yields for pyrolysis 
process and (b) PCA for the time and temperature conditions of the pyrolysis process in three stages.  

Note: Ellipses at 95% of normal probability group the observations by parentwood. 

 

Table 1). On the other hand, PC 2 accounted a variance of 14.5% ( 
Table 4) and it was influenced by the time and temperature when the water evaporation began recorded in the reactor 
outlet (OR-2) (

  
Figure 5. (a) PCA of the weight and moisture content and pyrolysis products yields for pyrolysis 
process and (b) PCA for the time and temperature conditions of the pyrolysis process in three stages.  

Note: Ellipses at 95% of normal probability group the observations by parentwood. 
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). The associations between variables in two different components are presented in Figure 5b. We can observe that, 
in general, with some exceptions, time correlated negatively with temperature variables. One exception was 
identified in the reactor outlet (OR-2), time and temperature when the water evaporation presented a positive 
correlation with strong association (R=0.93). Furthermore, two groups are distinguished: observations of solid 
parentwood board-ends which are associated with high temperatures and chips parentwood associated with longer 
times for the parameters evaluated (Figure 5b). 

 

 

Table 5. Correlation matrix for the moisture content of parentwood, pyrolyzer capacity and pyrolysis 
products yields (PCA 1) and for the time and temperature conditions of the pyrolysis process in three 
stages (PCA 2). 

PCA 1 
Variable PC 1 PC 2 
Moisture content 0.93** 0.08 
Pyrolyzer capacity -0.92** -0.31 
Vinegar yield 0.74 -0.59 
Bio-oil yield -0.76* 0.03 
Charcoal yield 0.42 0.83** 
Gases yield -0.52 0.48 
PCA 2 
Variable PC 1 PC 2 
Time when temperature began to increase OR-1 0.86 0.42 
Time when water evaporation began OR-2 0.45 0.87 
Temperature when water evaporation began OR-2 0.20 0.87 
Time of stabilization in maximum temperature OR-3 0.98** -0.08 
Temperature of stabilization in maximum temperature OR-3 -0.90** -0.08 
Time when temperature began to decrease OR-4 0.98*** -0.07 
Temperature when it began to decrease OR-4 -0.86* -0.07 
Time when the temperature begins to increase OC1-1 0.67 0.27 
Time when water evaporation began OC1-2 0.92 -0.33 
Temperature when water evaporation began OC1-2 -0.28 -0.55 
Time of stabilization in maximum temperature OC1-3 0.97* -0.08 
Temperature of stabilization in maximum temperature OC1-3 -0.96** -0.04 
Time when temperature began to decrease OC1-4 0.91** -0.14 
Temperature when it began to decrease OC1-4 -0.94*** -0.02 
Time when the temperature begins to increase OC2-1 0.86 -0.16 
Time when water evaporation began OC2-2 0.80 -0.26 
Temperature when water evaporation began OC2-2 -0.82 -0.09 
Time when water evaporation began OC2-3 0.94** 0.11 
Temperature when it began to decrease OC2-3 -0.52 0.67 
Duration of the process (min) 0.84** -0.33 

Note: * indicates statistical differences at 95% (p-value<0.05), ** at 99% (p-value<0.01) and *** at 99.9% (p-
value<0.001) in Student's t-test. 
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4. Discussion 

Different particle shape was used in this study (Figure 1a-b). It is expected to obtain higher charcoal production 
using larger particles due to low heat transfer rate (Tripathi et al., 2016). However, no significant difference of 
charcoal yield between the chips and board-ends were observed in this study (Figure 4b). Instead, in this study larger 
particles (solid wood board-ends) reached the maximum temperature faster than the smaller particles (wood chips) 
( 
 
Table 3). On the other hand, moisture content of biomass increases the energy required to reach the pyrolysis 
temperature (Tripathi et al., 2016). In this study feedstock presented MC% below the fiber saturation point (Table 
2), being suitable for pyrolysis (Tripathi et al., 2016). However, chips presented higher moisture content (Table 2), 
which means that more energy supplied to the pyrolyzer through the stove is consumed to remove the moisture and 
less is used to raise the temperature (Tripathi et al., 2016) and this humidity condition probably produced longer 
time and lower temperatures at the different points where these parameters were measured ( 
 
Table 3).  
No differences were observed for these products among the type of residue (Figure 4a) and the yields of charcoal, 
condensable and non-condensable gases agreed with percentages reported by Moya et al. (2024) for G. arborea 
pyrolyzed at 450-500 °C. Tripathi et al (2016) mentioned that a high heating rate enhances biomass fragmentation 
and gaseous and liquid yield, and that at low temperatures contributes to high char yields while at high temperatures 
produce highest volatiles by cellulose decomposition and condensable products increased. But according to 
percentage of yield, the utilization of parentwood with two different shapes had little effects in these percentages, 
except for yield of bio-oil, which chips parentwood produced the lowest percentage (Figure 4e).  
Wood chips pyrolysis had similar production of vapors (gases) as solid wood board-ends, probably because board-
ends produced more gases by direct decomposition and less by secondary decomposition of wood tar due to a higher 
heating rate (Chen et al., 2017), contrary to wood chips. However, wood chips did not produce higher temperatures 
inside of reactor (OR-2 and OR-3), that help cellulose decomposition to increase the biol-oil production. At higher 
surface area to volume ratio, it is expected to enhance the production of bio-oil, due to a faster decomposition of the 
wood and shorter transportation of tar through the hot porous solids (Chen et al., 2017). However, the smallest 
particle in this experiment (i.e. wood chips) contained higher moisture that slowed down the heating rate of feedstock 
( 
 
Table 3), which favors the production of char rather than tar. The bio-oil from solid wood board-ends (Figure 4e) 
can be produced from a higher volatilization of materials due to higher temperatures ( 
 
Table 3) in this shape of feedstock (Dias Junior et al., 2020). In fact, PCA showed that yields of different products 
were related to the shaped of parentwood (Figure 5a), solid wood board-ends increased the bio-oil yield and greater 
weight of biomass can be placed inside the reactor, while chips parentwood increased vinegar and charcoal yields. 
The temperature of stabilization in maximum temperature of the reactor outlet (OR-3;  
 
Table 3) for chips and board-ends parentwood presented similar performance as Moya et al. (2024) when pyrolysis 
was conducted at 450 °C and 500 °C, respectively. This behavior suggests that in this study, the maximum reached 
temperatures inside the reactor were higher. In addition, the temperatures and the product yields obtained (Figure 4) 
correspond with the slow pyrolysis values (Tomczyk et al., 2020). However, the time and temperatures behavior 
varied with shape of parentwood, especially inside the reactor in the outlet of pyrolysis gases (OR), but not when 
gases were cooled ( 
 
Table 3). Wood chips extended the time of pyrolysis gas outlet, time of reaching the maximum temperature, time 
when temperature began to decrease, and temperatures were lower inside the reactor and for the gases produced by 
pyrolysis; these conditions produce different chemical reactions for different feedstock (Ateş & Işıkdağ, 2008). 
Atreya et al., (2017) found that temperature when pyrolysis occurs influences the pyrolysis duration, which also 
vary with different shapes and size of the particles and follows the mass of the decomposing particle. For moisture 
free feedstock, large particles with cubic or spherical shapes pyrolyze slower than small and thin particles (Atreya 
et al, 2017). Similarly, Peters and Bruch (2003) indicate that the start of the pyrolysis depends on the particle size 
and the heating temperature, and Bennadji et al (2014) found that the time of heating and devolatilization increase 
with increasing the particle size. These findings of feedstock size and shape were conducted with moisture free 
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particles which can explain the contrast with our results, where the larger and like cubic shape, but drier particles 
(board-ends) presented the higher temperatures and the shorter pyrolysis duration.  
 
5. Conclusion 

The transformation of Gmelina arborea wood residues into different products through the slow pyrolysis process, 
offers the Costa Rican forestry stakeholders an opportunity to revalorize this material. So, it is of interest to know 
the products yields and performance of the pyrolysis process of different wood residues, using a small-scale reactor 
prototype and utilizing the non-condensable gases in the same reactor. This study suggests that wood chips and solid 
wood board-ends solid from G. arborea provide similar production of charcoal, condensable and non-condensable 
gases. However, the use of board-ends is recommended to obtain higher yield of bio-oil (Figure 4¡Error! No se 
encuentra el origen de la referencia.e) and complete the process in less time, making it energetically more efficient 
( 
 
Table 3).   
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