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Abstract Smallholders who own Tectona grandis planta-

tions receive limited profit from residues. Charcoal pro-

duction from wood residues allows smallholders to become

part of the commercial chain. The purpose of this study

was to examine the process of making charcoal from T.

grandis wood residues using the earth pit method, as well

as the costs and economic potential along with the physi-

cal, energy, mechanical, and chemical characteristics of the

charcoal produced using this technique. Lumber in green

condition (L-G), non-commercial logs in green condition

(NL-G), and non-commercial logs in air-dried condition

(NL-A) were utilized to produce charcoal. The charcoal

recovery yield obtained from NL-A was 24%, with a car-

bonization time of 4.3 days, while for the NL-G and NL-A

conditions, the recovery yield varied from 8 to 14.5%. The

investment cost was US$1247 and the production cost was

US$0.71/kg. The estimated total annual production is

11470 kg of charcoal, with annual profits of US$4863.3/

year. The charcoal presented moisture content between

4.16 and 6.13%; density between 0.27 and 0.47 g/cm3; a

calorific value between 31.3 and 32.6 MJ/kg; ash content

between 1.5 and 3.3%; volatile content between 9.4 and

18.7%; fixed carbon content between 73.3 and 80.1% and

the maximum compressive strength was about 120–132 kg.

Statistical differences were found in carbon, fixed carbon

content, nitrogen (N) and potassium (K) contents. The

charcoal produced from NL-G raw material presents less

quality than the charcoal from NL-A and L-G. This is

because it presents less proportion of fixed carbon content.

Finally, the results indicate the possibilities for small-

holders to produce charcoal.

Keywords Pyrolysis � Charcoal � Economical analysis �
Energy raw material

Introduction

Charcoal is a fragile and porous black solid whose chem-

ical formula is 3C16H10O2 (Cha et al. 2016). Its chemical

composition varies; 80–98% is composed of carbon, while

hydrogen and oxygen account for the remaining (Yar-

gicoglu et al. 2015). Carbon is commonly used in domestic

activities, for energy production and gas generation; in the

chemical, medicine and food industries; in agriculture, for

water purification and as a fertilizer (Panwar et al. 2019;

Xie et al. 2015). At the global level, sustained charcoal

consumption of close to 840 000 tons per year is expected

in 2030 (Mohr and Evans 2009). Charcoal production

represents approximately 8% of global timber extraction

(Brewer and Brown 2012).

Coal originates from minerals or plants, the latter is also

called charcoal, usually produced from lignocellulosic

biomass residues (Rodrigues and Braghini 2019). Both

types of coal differ in that mineral coal is produced by

carbonization of some organic materials present in the

earth’s crust (Novak et al. 2019), while charcoal is pro-

duced by incomplete wood combustion in an oxygen-free

environment (Panwar et al. 2019). Although these two

types of coal are important, charcoal is the most important,

as it is considered a renewable and ecological fuel source

(Kim et al. 2019).
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Charcoal results from anaerobic (oxygen-free) wood

combustion, where the wood is exposed to high tempera-

tures for a determined period (Tripathi et al. 2016). Among

the different methods used to produce charcoals are

‘‘Parva’’ and earth-covered pits (Adam 2009); more tech-

nical methods, such as brick kilns, metallic kilns (Cha et al.

2016) and improved systems (Panwar et al. 2019). How-

ever, earth-covered pits continue to be the most used

method, particularly in developing countries, due to low

investment costs and minimal knowledge required

(Coomes and Miltner 2017). This method consists of put-

ting the lumber into a miniature excavation and covering it

with earth and vegetation to isolate it from the oxygen, then

comes pyrolysis or carbonization (Coomes and Miltner

2017). During the process, the hot gases produced by the

partial burning of the wood slowly dry the earth, heating

the rest of the wood to the point of carbonization, around

280 �C (Brown 2009). Easy as it is, this is a low-yielding

method that may produce low-quality charcoal due to

uneven carbonizing of the material, which sometimes

mixes with the soil during extraction (Coomes and Miltner

2017).

Tectona grandis L. f. (teak) is a hardwood species native

to Myanmar, Thailand and some sites in India. It is

extensively planted and commercialized throughout the

world (Kollert and Kleine 2017). This species is also

widely planted in Costa Rica, presenting good growth

(Nölte et al. 2018) and supplying timber to local and

international markets (Gaitan-Alvarez et al. 2019). The first

Tectona grandis plantations date from 1940 (Espinoza-

Durán and Moya 2013), and a large proportion were

established by smallholders in the whole country (Lansing

2017). The deforestation rate reached its peak in 1990.

After that, reforestation remained steady at approximately

4000 ha/year (Serrano and Moya 2011), again with the

participation of smallholders (Lansing 2017).

During the process of commercial reforestation, small-

holders have planted T. grandis trees in different sites,

aiming at producing sawn timber (Powlen and Jones 2019).

Usually, the reforested areas of these companies or indi-

viduals’ range between 10 and 200 hectares, farms in many

cases are dedicated to reforestation, crops or cattle (Lans-

ing 2017). In the case of trees with diameters above 12 cm,

commercialization is not a problem because the timber

market has developed in Costa Rica and the product is sold

to local dealers who export it to India (Perdana and

Roshetko 2016). There are, however, commercialization

problems in the case of logs with diameters under 12 cm

from commercial or non-commercial thinning or from final

harvest, because the options in the local market are scarce

for this type of product (Ugalde 2013). These logs are

catalogued as logging residues or non-commercial logs,

which may reach up to 40% of the commercial volume of a

plantation (Jayawardhane et al. 2016).

However, to ensure that smallholders of T. grandis

plantations get involved in commercial chains, research

must be conducted regarding the behaviour of the residues

for charcoal production with the earth cover method,

concerning time, costs involved and quality of the product.

For example, it is of the utmost importance to know about

the physical, mechanical, energy and chemical properties,

size of the coals and duration of the charcoal embers

(Klasson 2017). However, the sources of variation that

affect charcoal production are abundant: moisture, density,

dimension and shape of the wood before carbonization and,

of course, the method and process of carbonization (Qian

et al. 2015).

Additionally, a crucial component of the reforestation

programs is that plantations are established in rural areas

with little access to the market. As a result, due to market

opportunities, these plantations’ products are then sold in

cities. (Hecht 2014). The main value of forest residues is

mainly the use of energy or pellet fabrication (Snyder

2019), and thus adequate prices are achieved for an econ-

omy that is almost subsistent in rural regions. Prices of

forest products in such local economies are often deter-

mined through surveys, unlike products in industrialized

economies where price data is readily available. However,

for commercial products derived from plantation residues,

market prices represent only the marginal values of the

products that are lower than the real values (Luoga et al.

2000). So, it is necessary to establish the green costs of coal

production.

The present work aims at evaluating the economic

potential, costs, and physical, mechanical and chemical

properties of the process of production of charcoal from

Tectona grandis in a smallholding in Costa Rica. The earth

cover method was used and wet and dry non-commercial

logs from the plantations and lumber residues from sawing.

This will promote the involvement of smallholders in the

value chains in Costa Rica.

Materials and methods

Description of the farm, lumber and charcoal

production

The study was conducted in EcoBosques S.A, located in

the Northern Region of Costa Rica. The company owns

approximately 250 ha of Tectona grandis established

between 2005 and 2007. The age of the wood used in the

present study ranged between 12 and 14 years, which

presented a Heartwood variation from 35 to 50%. For saw

logs, the typical logging applied to teak plantations in
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Costa Rica were used (Moya et al. 2013). The company

registered 6302 kg of dry residues on average per year in

the last two years, of which 50% came from residues and

50% from sawing. The residues were mainly small-diam-

eter logs with diameter variation from 10 to 12 cm and

residues from sawmills (end pieces, slabs, trimmings, etc.),

heartwood presence was 20% (v/v), the bark was removed

from all logs and boards and these residues were previously

dried in air-dried conditions, then the moisture content was

16%. Figure 1 shows the production flow of charcoal

employed by Ecobosques, S.A.

Charcoal production method and description

of the charcoal production test

For producing the charcoal, the company used semi-exca-

vated earth pits (Fig. 1a). The company had two pits

measuring 5 m long, 1.9 m wide and 2 m at the deepest

part (Fig. 1a). These pit dimensions were chosen to stack

approximately 5–7 m3, which was approximately 5500 kg/

pit of green-condition logs or 3300 kg dry-condition logs.

Following is the description of the production of charcoal

in this study: two logs were placed along the bottom of the

pit (Fig. 1b). Then the wood was stacked at the bottom

level trying to avoid leaving empty spaces. Then, the pile

of wood was covered with cardboard sheets, which in turn

were covered with an earth layer 15 cm deep. Initial

ignition was applied at the deepest side of the pit by

introducing fire through a hole to a small amount of wood.

Fire propagation was verified, and the ignition hole was

closed with a tin sheet and soil. Changes in smoke colour in

the gas exhaust was used to determine the end of complete

carbonization. Last, the earth was removed, and the char-

coal was taken out of the pit.

Types of raw material and characterization

Raw material was utilized according to its geometrical

shape and moisture condition. Two types of raw material

were used: residues from the sawmill (end pieces, slabs,

trimmings, etc.) with a thickness of less than 3.0 cm and

non-commercial logs (diameter from 10 to 12 cm), which

were not utilized for sawn wood production. As for the

moisture content (MC), two conditions were considered:

raw material with less than 16% MC and raw material with

over 16% MC. The resulting treatments were: (a) lumber in

green condition (L-G), corresponding to residues from the

sawing process with MC surpassing 16%; (b) non-com-

mercial logs in green condition (NL-G), corresponding to

logs from non-commercial thinning, with MC above 16%;

and (c) non-commercial logs in air-dried condition (NL-A),

also corresponding to logs coming from thinning, which

had been air-dried to obtain MC under 16%. Concerning

characterization of the raw material: two parameters were

measured: moisture content (MC) using ASTM D-4442

(ASTM 2016b) and wood density according to ASTM

D-143 (ASTM 2016a).

Charcoal production process evaluation

The following production parameters were evaluated:

charcoal recovery yields (CRY), carbonization time, raw

material consumption in the pit, firewood consumption in

the pit and required workforce.

• Charcoal recovery yields (CRY) the raw material in the

different treatments was weighed on a scale before and

after carbonization. At the end of carbonization, the

charcoal was sieved through a mesh with 2.5 9 2.5 cm

holes to obtain coarse (cannot go through the mesh) and

fine (can pass through the mesh) charcoal. The CRY

was determined for coarse, fine and total (sum of coarse

and fine) material, expressed as a percentage (Eq. 1):

Charcol recovery yield %ð Þ

¼ Charcol weigth kgð Þ
Non - commercial log or lumber weigth kgð Þ � 100

ð1Þ

• Charcoal production time carbonization was timed in

hours with a chronometer for each type of raw material,

starting at the time of ignition of the pit until the pit was

opened to take out the charcoal.

Fig. 1 Earth pit a and stacked

raw material in the pit b for

producing charcoal at

EcoBosques S.A. in Costa Rica
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• Firewood consumption for producing charcoal (FCPC)

it is the quantity of raw material needed for the initial

ignition of the earth pit to produce charcoal. The

material needed in each treatment to ignite the pit was

weighed on a scale, and the results were expressed as a

percentage of the total material stacked in the pit.

Firewood was used for the same residues used for

charcoal production, specifically the residues of the

sawmill, finish pieces, slabs, trimmings, etc. with a

thickness of less than 3.0 cm and moisture content of

16%.

• Yearly charcoal production EcoBosques S.A., main-

tains records of the number of residues that were

produced in the last two years, usually in units of

volume (m3). The dry-wood density value was used,

corresponding to 570 kg/m3 (Moya and Pérez 2007).

The production of residues was registered per year (kg/

year). The weight of the raw material was multiplied by

FCPC, which is the percentage of load (firewood) used

in the initial pit ignition. Lastly, the charcoal recovery

yield (CRY) was used to obtain the annual charcoal

production (Eq. 2).

Charcol production
kg

year

� �

¼ Residue production m3
� �

� 570 kg

m3
� FCPC

� �
� CRY

ð2Þ

Where FCPC: Consumption of firewood for charcoal pro-

duction; CRY: charcoal recovery yield and 570 kg/m3

represents the wood density of residue wood at 16%

Charcoal production costs

The two types of costs for charcoal production included:

the investment and production costs:

• Investment costs the costs incurred in constructing the

two earth pits were considered here, i.e., the time and

supplies needed to make each pit. The company owns a

tractor equipped with a shovel adapted to make the pits.

Thus, the time it took the tractor to open each pit was

considered, together with the fuel in litres employed for

each pit. To measure the fuel, the tractor’s tank was

filled up completely and once the pit was finished, the

tank was filled up again to determine the total volume

of fuel consumed. The number of workers (tractor

driver and assistant) and the time it took them to create

the pit were recorded. The time and fuel consumed

were multiplied by the market prices of each item to

obtain the total cost of the investment. Also considered

was the investment in manual tools, such as shovels and

pickaxes, among other instruments.

• Charcoal production costs these costs include raw

material unloading and stacking; pit ignition; pit

supervision; charcoal extraction and sieving; and char-

coal packaging and storage. The time was quantified in

all these activities. As for supervising the pit, the

number of times that the person in charge verified that

the earth pit fire was working properly (neither

extinguished nor ablaze) was included. Finally, the

costs of charcoal production were determined by

multiplying the time of the activities by the cost of

labour per hour paid by the company to its employees.

Economic potential of charcoal production

from wood residues

Firstly, the price of the charcoal (PC) was determined,

which consisted of the sum of the charcoal production cost

and the charcoal production investment cost. The PC was

determined considering the cost plus a profit margin. Thus,

the economic potential of charcoal production from wood

residues (EPC) was determined considering the charcoal

production in one year and the PB (Eq. 3).

EPC ¼ Charcoal production in one year kgð Þ

� Price for biochar $

kg

� �
ð3Þ

where EPC is the economic potential of charcoal produc-

tion from wood residues.

Characterization of teak charcoal

For each treatment, a sample of charcoal produced,

weighing approximately 15 kg, and representing a whole

load of the pit, were extracted randomly. Then, ten repe-

titions per parameter were taken from the previous sam-

ples. The quality of the charcoal was evaluated considering

the following quality parameters:

Physical properties: Moisture content according to the

ASTM D1762-84 (ASTM 2021). For carbon density, 30

replicates were taken from each treatment, then weighed

and their volume was measured by water displacement

submerging the carbon into a beaker with water placed on a

scale. This volume represented the weight increase of the

beaker and the density represented the weight by volume

ratio.

Energy properties were determined to have 10 replicates

of each treatment. These were: volatile content (ASTM

2017); ash content (ASTM 2017); calorific value (ASTM

2019) and fixed carbon content (ASTM 2017) (Eq. 4).

Fixed carbon %ð Þ ¼ 100� MCþ ACþ VMð Þ ð4Þ
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where MC (%) = moisture content; VM (%) = Volatile

material and AC (%) = ash content.

Mechanical properties: maximum compressive stress

longitudinal to the carbon axis was determined for the

charcoal produced by the company utilizing the three types

of residues. Tangential, radial and longitudinal

2 9 2 9 5 cm samples were prepared for this purpose.

The samples were tested in a universal testing Tinius Olsen

machine with 1000 kg capacity, at a speed of 0.3 mm/min.

The maximum strength represented the maximum load the

charcoal piece could bear before failure occurred.

Chemical properties: carbon (C), nitrogen (N), hydrogen

(H), sulphur (S) and oxygen (O) contents were analysed in

ten replicates, while the macro-elements [nitrogen (N),

phosphorus (P), calcium (Ca), magnesium (Mg), potassium

(K), sulphur (S)] and the micro-elements [iron (Fe), copper

(Cu), zinc (Zn), magnesium (Mn) and boron (B)] were

determined in three replicates. To determine the N, C, H, S

and O contents, the CUBE high temperature (1200 �C)
elemental analyser laboratory equipment—which analyses

both liquid and solid samples—was utilized. The duration

of the analysis was ten minutes. Elemental analysis was

performed to determine the quantity of the micro (Fe, Cu,

Zn, Mn and B) and macro samples (N, P, Ca, Mg, K and S).

The Elementar Analysensysteme, model Vario Macro

Cube, was utilized.

Data analysis

A simple random analysis was performed in which means,

standard deviations and coefficients of variation were

determined for the variable density, moisture content, ash

content, volatiles, fixed carbon content, calorific value,

strength and maximum compressive stress, C, N, H, S and

O. Additionally, normal distribution and homogeneity of

variance in the data were verified. Then, an analysis of

variance was applied to confirm the existence of significant

differences between the means of the variables (P\ 0.05)

for each treatment. Lastly, a Tukey test was applied for the

determination of the statistical differences between the

means, using the SAS statistics program.

Results

Characterization of the raw material

Figure 2 indicates the results of the moisture content (MC)

and density of the raw material before carbonization. In the

three treatments (L-G, NL-G and NL-A), the MC and the

density were statistically different. Regarding the MC, the

treatment NL-A presented the lowest MC, followed by the

treatment NL-G and then the treatment L-G with the

highest MC (Fig. 2a). As for the density, the treatment L-G

presented the highest density statistically, followed by the

treatment NL-G and last by the treatment NL-A (Fig. 2b).

Evaluation of the charcoal production process

Charcoal recovery yields (CRY): despite the care taken in

the charcoal production process, there was a fire in the

charcoal pits along with the treatment of L-G and NL-G.

Approximately 150 kg were burned in NL-G and 100 kg in

L-G. Therefore, the values obtained were not in accordance

with the results expected. Such a condition might have

been caused by oxygen leaking into the kiln at some point

while carbonization was taking place; at this point, the

wood might have turned to ash or may have started to burn.

Table 1 presents the yield obtained in each treatment for

the different carbon presentations (coarse and fine) in the

charcoal pits. The NL-A treatment obtained the highest

total yield, being the only one that did not burn after

opening the air inlets as part of the normal process of

carbonization. The two other treatments were burned dur-

ing carbonization; consequently, the yielding was low. In

addition, the treatments L-G and NL-G produced more fine

charcoal than coarse charcoal, in contrast to the treatment

of dry-log, which yielded more coarse charcoal.

Charcoal production duration: In general, the process of

carbonization took from 4 to 5 days (Table 2). It must be

taken into account that the company has two pits working

simultaneously. The raw material transportation and

stacking took less time for treating L-G and NL-A, whereas

NL-G took the longest because there was only one person

in charge as opposed to two as was typical with the other

two treatments. As for the ignition stage—which included

grass cutting and stacking, earth dumping and arranging

and ignition—it took the same time for all the treatments,

varying between 1.5 and 1.7 h. Carbonization took the

longest time, with an average of 96 h. Carbon extraction

required more workforce (3 persons) and included carbon

extraction, sieving and carbon-storing in sacks. This

activity presented a similar duration for the different

treatments, between 4.8 and 5.5 h (Table 2).

Consumption of firewood for charcoal production:

between 10 a 15 kg of residues were necessary to ignite the

earth pits by wood pyrolysis (Table 3), which represented

between 0.96 and 1.24% of the initial load that was to be

carbonized.

Charcoal production costs

Investment costs: Table 4 shows the investment costs to set

up and arrange the earth pits to produce the charcoal. Tools

and materials (shovels, metal rods, ropes and plastic) and
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Fig. 2 Moisture content a and

density b for different raw

materials of Tectona grandis
utilized for charcoal production

in semi-excavated earth-covered

pits at EcoBosques S. A. in

Costa Rica. Note: Different
letters between different raw

materials are statistically

different at 99%

Table 1 Charcoal recovery yields with different raw materials of Tectona grandis in semi-excavated earth-covered pits at EcoBosques S.A. in

Costa Rica

Type of raw material Weight of raw material

(kg)

Charcoal production (kg) Recovery yields (%)

Coarse

charcoal

Fine

charcoal

Total Coarse

charcoal

Fine

charcoal

Total

Lumber in green condition 785 29 85 114 3.7 10.8 14.5

Non-commercial log in green

condition

1081 47 45 92 5.3 5.1 8.0

Non-commercial log in air-dried

condition

765 136 45 181 17.8 5.9 23.7

Average 8.1 11.7 16.3

Table 2 Duration of the different activities for producing charcoal in semi-excavated earth-covered pits at EcoBosques S.A. in Costa Rica

Activity (hours) Lumber in green

condition

Non-commercial logs in green

condition

Non- commercial logs in air-dried

condition

Transporting and stacking of raw

material

0.77 1.85 0.70

Pit ignition 1.45 1.45 1.73

Carbonization 96.0 96.0 96.0

Charcoal extraction 4.6 4.8 5.5

Total 103.0 104.0 104.0

Total (days) 4.3 4.3 4.3

Table 3 Consumption of firewood for producing charcoal in semi-excavated earth-covered pits for different residues of Tectona grandis at

EcoBosques S. A. in Costa Rica

Type of raw material Firewood consumption (kg) Percentage of total raw material (%)

Lumber in green condition 11 1.24

Non-commercial logs in green condition 15 0.96

Non- commercial logs in air-dried condition 10 0.98
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tractor fuel expenses were the most representative costs.

Investment costs represented 8.9% of the total costs of

producing charcoal.

Costs of producing charcoal: In relation to production,

the highest cost corresponded to wood residues and non-

commercial logs (with 78.4%), but these were classified as

dead costs for the company because the company counts on

raw material to produce the charcoal. Similarly, the

required equipment for producing the charcoal represented

4.9%, as the company counts on this equipment for other

farming activities. The workforce accounted for 3.5%,

corresponding to two persons for most of the activities, and

three for charcoal extraction. Double pay was implemented

for the night shift for supervising the charcoal pit.

Total cost of producing the charcoal: The total cost was

about US$1247.4 (Table 4), considering a weekly pro-

duction of 302 kg, utilizing the two pits available on the

farm at full capacity. Similarly, dead costs of raw materials

(US$ 977.9) and equipment (US$ 54.4) were considered.

Therefore, the annual total costs were US$214.6, i.e., the

cost of producing charcoal was US$ 0.71/kg.

Economic potential of producing charcoal

from wood residues

The annual charcoal production produced from teak wood

residues was of 11 470 kg/year, derived from 86 m3 of

residues with 570 kg/m3 density at air-dry condition. Then

to that amount, we applied the yield per pit, which on

average was 23.7% from dry lumber (Table 1), and then we

subtracted the quantity of firewood employed for initial

ignition, which was 1.04% of the total lumber (Table 3)

(applying Eq. 2. According to a study on the charcoal sales

market for distributors in Costa Rica (Manzón-Che 2015),

the sales price was 1.14 US$ per kg. Hence, the annual

economic potential of residues for charcoal production was

about US$13 007 (gross annual income). The yielding can

increase mainly by preventing material burning in the pits

during the night and early morning, which would augment

the economic potential significantly. Subtracting the pro-

duction costs (US$8143/year) from the sum of US$13

007/year, the annual profits from charcoal from residues

would be about US$4863.3/year.

Teak charcoal characterization

Physical properties: The MC of charcoal from NL-G and

L-G treatments presented the highest values without sig-

nificant differences in the NL-A treatment (Fig. 3a).

Regarding the density of the charcoal, significant differ-

ences were observed (Fig. 3b). Treatment NL-A produced

the charcoal with the highest density, followed by charcoal

from NL-G and charcoal from L-G. The comparison

between charcoal and its parent wood (raw material) found

that the density decreased (initial density was higher than

0.6 kg/cm3-Fig. 2b), moisture content decreased (from 18

to 65% for raw material to 4.6% in charcoal-Fig. 2a).

Energy properties: Charcoal produced from teak pre-

sented heat calorific values varying from 31.3 to 32.6 MJ/

kg. Charcoal ash content varied from 1.5 to 3.3% (Fig. 3b),

while volatile content values between 9.5 and 18.5% were

recorded (Fig. 3c). These three energy parameters showed

no significant differences between charcoals from the dif-

ferent sources of raw material (Fig. 3). As for fixed carbon

content, the charcoal produced in the L-G treatment pre-

sented the statistically lowest value, while the NL-G and

NG-A treatments presented higher fixed carbon content,

without statistical differences (Table 5). The comparison

between charcoal and its parent wood (raw material)

reported by Moya and Tenorio (2013) found that heat

calorific value increased from 18.9 MJ/kg for parent wood

to 31.3–32.6 MJ/kg (Fig. 4a), ash content was similar than

parent wood (2.8%), volatile content decreased form 78.9

for parent wood to 20–15% in charcoal (Fig. 4c).

Mechanical properties: Maximum stress values were

statistically equivalent between the different types of raw

matter utilized for producing the charcoal (Table 5).

Chemical properties: The percentage of C in the dif-

ferent charcoals was high in all cases. The statistically

higher value was obtained with the treatment NL-G, fol-

lowed by NL-A and last by L-G with a statistically lower

value (Table 5). As for oxygen and hydrogen contents,

charcoals from the different sources were statistically dif-

ferent between them, with L-G presenting the highest,

followed by NL-A and lastly by NL-G. Nitrogen content in

Table 4 Investment costs and production costs for producing char-

coal in semi-excavated earth-covered pits at EcoBosques S. A. in

Costa Rica

Type of cost Description Cost (US$)* Percentage (%)

Investment Workforce 9.3 0.75

Tools and materials 74.3 6.0

Tractor fuel expenses 27.4 2.2

Sub-total 110.9 8.9

Production Workforce 43.7 3.5

Raw material 977.9 78.4

Materials 60.5 4.9

Equipment 54.4** 4.4

Sub-total 1136.5 91.1

Total costs 1247.4

*The cost was determined in Costa Rican money (colons), but they

were transformed to US$, 1 US$ = 588 colons

**Were considered as dead costs
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Fig. 3 Moisture content a and

density b for charcoal produced

in semi-excavated earth-covered

pits with Tectona grandis at
EcoBosques S.A. in Costa Rica.

Note: Different letters between
different types of raw material

are statistically different at 99%

Table 5 Physical, mechanical, energy and chemical properties for charcoal produced from Tectona grandis in semi-excavated earth-covered pits

at EcoBosques S. A. in Costa Rica

Property Parameter Lumber in green

condition

Non-commercial logs in green

condition

Non-commercial logs in air-dried

condition

Mechanical Maximum compressive

strength (kg)

120.96A 132.13AB 125.65AB

Chemical Fixed carbon content (%) 73.3A 83.8B 80.1B

Carbon (%) 81.7AD 90.8B 86.7B

Oxygen (%) 16.5A 8.9B 11.6C

Hydrogen (%) 3.3A 1.8B 2.8C

Nitrogen (%) 0.40A 0.39A 0.27B

Sulphur (%) 0.02A 0.09B 0.02A

P (%) 0.06A 0.08A 0.02A

Ca (%) 0.29A 0.36A 0.28A

Mg (%) 0.26A 0.34A 0.14B

K (%) 0.35A 0.24B 0.22B

Fe (mg/kg) 136A 184B 104A

Cu (mg/kg) 14A 14A 10A

Zn (mg/kg) 10A 4A 4A

Mn (mg/kg) 12A 10A 10A

B (mg/kg) 8A 9A 8A

Different letters between different types of raw material are statistically different at 99%

Fig. 4 Heat calorific value a, ash content b and volatile content c for charcoal produced in semi-excavated earth-covered pits for Tectona grandis
at EcoBosques S.A. in Costa Rica. Note: Different letters between different types of raw material are statistically different at 99%
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treatments L-G and NL-G did not indicate significant dif-

ferences, but charcoal from the NL-A treatment indicated a

statistically lower value (Table 5). In regards to other

elements present in less proportion in charcoal, there are no

differences between the different sources of raw material

for P, Ca, Cu, Zn, Mn and B (Table 5). For Mn, there was

no statistical difference between the treatments L-G and

NL-G, which differed from NG-A. As a result of the L-G

treatment, the K content of charcoal was statistically higher

than that of the other two sources while showing no sig-

nificant difference. Lastly, charcoal produced under the

NL-G presented a greater amount of Fe than charcoal under

NL-A and NL-A treatments (Table 5).

Discussion

Although the process of production of charcoal was

appropriate, with adequate yielding, slight carelessness

while supervising the pit during carbonization allowed air

(oxygen) entry, causing the burning of two of the treat-

ments (L-G and NL-G). In addition to the implications of

carelessness on yielding, this result shows clearly that

careful supervision of the earth-covered pit is extremely

important (Adam 2009). Additionally, oxygen may have

entered the kiln during carbonization, leading to low

recovery production. What happened to the wood at this

time? (turned into ash or released vapours in the form of

flames, etc.).

A known fact about the earth-covered pit method is that

it performs better with dry wood or dry raw material. Thus,

the yield corresponding to treatment NL-A, in which the

wood presented 15.7% MC, was the highest compared to

the other two treatment conditions (Table 1). The yield

value found for wood in dry condition (NL-A) is consistent

with the studies carried out in Mexico (Camou-Guerrero

et al. 2014), Gana (Duku et al. 2011), Costa Rica (CATIE

2018) and Africa (Mwampamba et al. 2013), where

yielding close to 24% were observed for NL-A. The low

yield in raw materials (L-G and NL-G) is due to the loss of

moisture from the wood, which is higher than 16%, and

dried wood presented the best condition for the car-

bonization process.

An additional positive aspect of producing charcoal with

dry wood, besides increased yield, was the coarse-sized

charcoal. Wet raw materials, as in NL-G and L-G, pro-

duced less coarse charcoal (Table 1). This was because the

differently sized wood before carbonization, together with

moisture conditions, caused charcoal fractioning during

pyrolysis due to vapour strength as the water was elimi-

nated in the first stages of carbonization (Cha et al. 2016).

The number of days used in carbonization (Table 2),

was proportional to the volume of material to be

carbonized (Table 1), varying between 4.3 and 4.3 days,

which was similar to findings in other areas of coal pro-

duction by earth-covered pits in Costa Rica, of 5 days and

240 kg coal/pit (CATIE 2018). Likewise, a study con-

ducted in Mexico found a carbonization time of 152 h

(6.3 days), using the same charcoal production method and

pits with similar dimensions, higher time than presented in

the present study.

Concerning firewood consumption to start ignition

(Table 3), it can be considered low and normal for this process,

since in the initial stage it was less than 2% (FAO 1983).

The investment cost for a smallholder was US$110.92 in

total, considering only workforce, tools, materials and fuel

expenses for the tractor to excavate the pit (Table 4), which

is under the US$ 400 reported by the FAO for developing

countries (Ministerio de Trabajo 2019). The production

cost determined for the company in this study was US$

1247.4 to produce 302 kg, with a unit cost of US$ 0.7/kg

(Table 4). This amount per unit is greater than US$ 0.15

(CATIE 2018), which was reported for small producers in

the province of Cartago using four pits like the ones in the

present study.

Although the economic potential (US$8143/year) and

the economic profit (US$4863.3/year) found in this study

can be considered low, this should be considered cautiously

for a smallholder as the one studied. The profit found was

an important quantity for this smallholder, considering that

it had three permanent employees during the year dedicated

to several agricultural activities or other types of activities

in the plantations. Under the Costa Rican regulations, the

minimum salary was US$17.6/day (Ministerioi de Trabajo

2019). Considering 220 working days per year gave a total

of US$3876.4/year. Profits from charcoal production would

allow the company to pay 1.25 employees a year. This

favours the company significantly since the employees

dedicate only a small percentage of time to charcoal pro-

duction, and the rest of the time they work on other

activities within the farm.

The use of plantation residues will give smallholders

and nearby rural areas the chance to sell their natural

products in cities that have better economic opportunities

for buying goods, as opposed to having to do so in rural

areas due to the lack of resources (Luago et al. 2014).

The study on the charcoal characteristics of 16 refor-

estation species in Costa Rica, produced under controlled

laboratory conditions, reports a density range of

0.16–0.40 g/cm3, with moisture ranging from 2.7 to 7.9%;

a calorific value between 24 300 and 32 100 kJ/kg; ash

content of 0.3–8.0% and volatile contents between 22.5 and

33.3% (Bustamante-Garcı́a et al. 2014). The range of these

values includes the values of T. grandis charcoal produced

under less controlled conditions in earth-covered pits

(Fig. 4).
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Additionally, Table 6 presents the characteristics that

charcoal must present in different countries of the Euro-

pean Union. Moisture content should vary from 6 to 10%;

fixed carbon content from 75 to 80%; volatile content from

5 to 16%, and ash content between 3 and 8%. The average

values of the charcoal of T. grandis obtained in the present

study (4–7% MC, 73–84% fixed carbon content, 10–20%

volatiles and 1.5–3.3% ash content) are within that range,

therefore, teak charcoal met the conditions for commer-

cialization in some countries of the European Union.

However, analysis of different raw material treatments

shows that the conditions of some of the parameters did not

favour the quality of the charcoal, which did not meet the

standards established in Table 6. For example, when uti-

lizing lumber in green condition (L-G), the charcoal pre-

sents the highest MC (Fig. 3a) and volatile content

(Fig. 4c), while the ash content was among the highest

(Fig. 4b). The quality parameters of the wood for car-

bonization need to be higher to be comparable to the

standards of the UE for charcoal for domestic use

(Table 6).

Due to the weak relationship between mechanical

properties and wood variation, little has been studied about

them. However, the compression test is relevant because

charcoal presenting low resistance may end up being

converted into cinder (Cuthbertson et al. 2019). In this

study, the strength reported for charcoal (Table 5) was

relatively good, similar to that of charcoal classified as

medium resistance to compression (Balaguer 2022).

This chemical characterization refers to the primary

elements that determine the nutritional degree of charcoal

as biochar (Camps Arbestain et al. 2015). The elements C,

H, O, N, S, Cl, F and others contained in the ashes (Aller

2016), as those in Table 5 of this study, are the most rel-

evant. Most of the elements in biomass are not lost during

the pyrolysis process and are transferred to charcoal, thus

the nutrient content of charcoal is largely influenced by the

type of raw material and pyrolysis conditions (Singh et al.

2010). Then, the variation found in some elements (Z, K

and Fe) in charcoal of the three types of raw material (L-G,

NL-G and NL-A), reflected the variations in the initial

characteristics of the raw material before producing the

charcoal (Singh et al. 2010). These results agreed with

earlier studies (Aller 2016; Singh et al. 2010), which report

that the chemical composition and nutrient concentrations

of raw materials can strongly influence charcoal properties.

Although the charcoal produced in the present study

presented values of the chemical composition of charcoal

produced by pyrolysis of woody raw material (Aller 2016),

the statistical differences found among some elements, in

particular the differences in carbon, fixed carbon content, N

and K (Table 5), suggest that the charcoal from L-G raw

material had lower quality than charcoal from non-com-

mercial logs (green or air-dried condition), due to lower

fixed carbon content (Table 5). However, the charcoal from

L-G presented less proportion of N and K, enabling the

availability of these two elements in the soil (Singh et al.

2010) if charcoal from T. grandis is used as charcoal.

Despite these variations, the contents of elements in char-

coal from T. grandis can be controlled depending on the

speed and conditions of pyrolysis at the time of producing

the charcoal.

Conclusion

The charcoal recovery yield of this production method was

13%; however, the non-commercial logs in air-dried con-

dition (NL-A) registered 24% with a high percentage of

coarse coal (18%); 103.9 h (4.3 days) on average for car-

bonization and average wood consumption of 12 kg. Then,

this condition (moisture content with approximately 12%)

is recommended to produce charcoal from residues from T.

grandis. The charcoal characteristics (moisture content,

Table 6 Quality standards according to the physio-chemical characteristics of charcoal for domestic use in the European Union

Market Standard Chemical purity

Fixed carbon content (%) Volatiles (%) Ashes (%) Moisture content (%)

Belgium NBN M11-001 75 12 – 7

France NFN846 E 75 12 – 7

Germany DIN 51,749 78 16 6 8

Russia GOST 7657-84 77 14 3 6

Serbia SRPS D.B9.020 80 5 5 10

United States DIN EN 1860-2 75 9 8 8

Japan – 76 12 4 7,5

Source: Bustamante-Garcı́a et al. 2014
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density, heat calorific value, ash and volatile content and

mechanical and chemical properties) are first, better than

other raw materials in green condition and second, charcoal

characteristics are comparable to the standards of the

Union European for charcoal for domestic use.

The investment cost for a smallholder was US$ 110.9 in

total, considering only the workforce, tools, materials and

fuel expenses for the agricultural tractor to dig the pit. The

production cost determined for the company was US $

1247.4 to produce 302 kg, with a unit cost of US $ 0.71/kg.

Thus, the annual production can be estimated at 11 470 kg/

year, and considering the sales price of 1.13 US$ per kg,

the annual economic potential was about US$13 007,

resulting in the annual profits of US$4 863.3/year. This

economic potential can be increased if the sales price

improves, especially when other energy sources increased

their sales price.
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