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ABSTRACT

This study determines the main energy characteristics of wood and charcoal within five tree
species of the forest of Ixtlin de Judrez, Oaxaca, México: Alnus acuminata, Arbutus xalapensis,
Myrsine juergensenii, Persea longipes and Prunus serotina. Basic density, moisture content, charcoal
yield, volatile material, ash content, high heating value, fixed carbon and fuel value index
were determined for each one. The average results of the species are in the range of 0.372 to
0.498 g:em™ for wood density; 26.19 to 34.12% for charcoal yield; 77.29 to 83.66% for wood
volatile matter and 28.40 to 34.25% for charcoal volatile matter; 0.56 to 1.50% for wood ash
and 1.13 to 4.83% for charcoal; 19.50 to 24.99 MJ-kg! for high heating value of wood and 29.38
to 32.11 MJkg?! for charcoal. It was determined that these species provide a good alternative
for burning wood and charcoal. Additionally, these remain untapped resources in the Sierra
Juirez region, meaning that awareness and inclusion in management plans could be of relative
importance to the development of the forestry sector.

KEYWORDS: Fixed carbon, ash content, yield, high heating value.
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INTRODUCTION

One of the greatest discoveries of humanity was the use of fire, which has been around us
for 1.5 million years (Risbrudt 2005, Gowlett 2016). At present, the consumption of wood as an
energy source has increased worldwide (Agostinho-Da Silva et al. 2014). In Mexico, an increase
in fuel production of 6.4% and 5.5% in the form of firewood and charcoal respectively, was
reported between 2013 and 2014 which represents 12.4% of the national volume of timber forest
production (SEMARNAT 2014).

One of the fuels derived from forest biomass is charcoal, which is produced in the absence
of air when the wood is subjected to temperatures ranging from 400 to 700°C (Soto and Nuiiez
2008). At these temperatures there is a complex combination of pyrolysis products from cellulose,
hemicelluloses and extractives (Mohan et al. 2006) and as a result the porous material with high
carbon content is obtained. In relation to wood, charcoal has a higher calorific value and is not
attacked by biological agents, so it is considered a better quality fuel (Marcos 1989). Such quality
is evaluated based on the moisture content, fixed carbon, percentage of ash and amount of volatile
materials emitted during combustion (FAO 1983).

In the community of Ixtlin de Judrez, Oaxaca, the use of wood as a fuel plays an important
role as an energy source. Quercus is being the preferred genus species for its high basic density
and energy quality (Ruiz-Aquino et al. 2015). In this community, oak charcoal is produced in
brick kilns, with an approximate production of 140,000 kg per month. However, derived from
the silvicultural system that is used in forest areas of timber production (strip clear cutting), the
various broadleaved species that are felled to stimulate the growth of pine without there being
a final destination until now (STF 2015). Therefore, this paper evaluates the energy properties
of wood and charcoal of five hardwood species: A/nus acuminata subsp. arguta (Schltdl.) Furlow,
Arbutus xalapensis Kunth, Myrsine juergensenii (Mez) Ricketson & Pipoly, Persea longipes (Schltdl.)
Meisn. and Prunus serotina Ehrh.; for its inclusion as biofuels in the form of firewood and its
transformation into charcoal to obtain a more efficient fuel.

MATERIALS AND METHODS

Study area

This study was carried in the pine-oak forest of the community of Ixtlin de Judrez, Oaxaca.
This community has a communal surface of 19,310 ha and is located between geographic
coordinates: 17°18'16" and 17°30'00" N, 96°31'38 " and 96°22'00" W (Castellanos-Bolafios
et al. 2008). On average, the medium annual temperature is 20°C and rainfalls varies between
800 and 1200 mm per year, in the pine-oak forest where is a humic acrisol soil (Ah) of medium
salty texture with a very rich layer of organic matter on the surface (Rainforest Alliance 2006).

Tree selection and sample preparation

The selection of trees was based on a directed sampling whereby two trees were taken per
species with the following criteria: health, vigour, lack of bifurcation and representative of the
study area, from 20 to 30 cm in diameter at breast height and with heights between 10 and 15
m. Logs of 2.5 m in length were taken from each tree and a slice of 2 cm was cut on each side.
Moreover, the sapwood and heartwood were separated. To determine the ash and volatile content,
the material of the two slices was splintered.
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It was mixed and ground in a Wiley-type mill, subsequently sieved in No. 40 and 60 mesh,
and used the material that was retained in the 60 mesh (Honorato-Salazar et al. 2015).

Wood basic density
Twelve wooden cubes of 2 cm per side were prepared for each species and the wood basic

density was determined in samples of sapwood and heartwood of each species by ASTM
D143-94: 2007.

Elaboration and yield of charcoal

Charcoal was elaborated on a laboratory scale with 12 cubes of wood per species, 1.5 cm per
side; these were introduced in metal tubes of 3 cm in diameter by 11 cm of length. The cylinder
with the wooden cubes (3 to 5 cubes) was subjected to combustion in a Thermolyne® digital
furnace at a temperature of 450°C = 10° C for 30 minutes. The yield was evaluated by Eq. 1 (Vogel
and Wolf 1986, Heya et al. 2014).

Yield = (Anhydrous charcoal weight) % 100 (%) (1)

Anhydrous wood weight

Energy characterization of wood and charcoal

The moisture content of the wood and charcoal was determined with ASTM
D1762-84: 2007. The material was conditioned in the laboratory environment and then used in
an electric furnace at 105°C.

Volatile matter was determined by ASTM E872-82: 2006 at temperature of 950°C.

Ash content was determined according to ASTM D1102-84 R07: 2007. The sample was
used without volatile material in a furnace at 600°C for 6 h. Ash content was calculated to the
anhydrous weight of the initial sample.

High heating value (HHV) was determined in samples (1.5 cm3) of sapwood and heartwood
of wood and charcoal by using flat jacket calorimeter 1341 (Parr USA).

According to Purohit and Nautiyal (1987) the high heating value, normal density and ash
content are related by means of the fuel value index (FVI) by Eq. 2; where HHV: High heating
value (M]Jkg1), ND: Normal density (kg'm3), AC: Ash content (g-g1), MC: Moisture content.

HHV X ND
E¥L = AC x MC @)
Statistic analysis
In order to determine differences between species and by type of wood (sapwood and
heartwood), the analysis of variance of two factors was carried out followed by a comparison of
means with the method of minimum significant difference. The statistical package SAS® Version
9.0 (SAS Institute Inc. 2002) was used. The level of significance (¢=0.05) was selected.

RESULTS AND DISCUSSION

Wood basic density

The wood basic density varied in interval 0.372 g-cm™3 (P. longipes heartwood) to 0.498 g-cm™
(P. serotina sapwood) with an average of 0.435 g.cm™ (Fig. 1). With the exception of 4. acuminata
and A. xalapensis, the rest of the species showed no statistical differences between types of wood
(sapwood and heartwood). The basic density in the sapwood presented slightly higher values,
which coincides with Goche-Télles et al. (2000) who mention that the basic density of wood
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tends to increase from the centre to the periphery, due to the existence of an immature or juvenile
heartwood present in the central part of the tree and this characteristic is structurally related to
age (Daniel et al. 1982). Based on wood density classification of Vignote-Pefia and Martinez-
Rojas (2006), the wood of the five species of the present study is classified as Light (<500 kg-m3).
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Fig. 1: Wood basic density of five tree species.

In general, the basic density is a variable attribute because they can change according to the
geographical area and the climate (Ordéfiez-Diaz et al. 2015). Likewise, specimens of the same
species developed in a specific site, but under different external factors such as light, humidity,
altitude, temperature and interventions in growth create variations in terms of their density in
wood (Dalla-Salda et al. 2009, Goche-T¢élles et al. 2011). The anatomical structure also has a
marked influence due to the greater or lesser proportion of juvenile wood (Carmona-Cerda 2015).

Charcoal yield

The highest yield of charcoal was obtained with wood of P. serotina (34.12%). This species
was statistically superior to the others (Tab. 1). The yield may vary due to factors such as
equipment, processes, temperature and rate of heating, physical characteristics and chemical
composition of the species and moisture content (Demirbas 2004). According to Rivera and
Uceda (1987), a higher yield is related to a higher extractive content.

Tab. 1: Charcoal, moisture content, yield and volatile matter of five tree species.

Tree species Moisture Charcoal yield Volatile matter (%)
content (%) (%) Wood Charcoal

Sapwood 1.45 (0.34)a 26.30 (0.92)a 82.08 (0.77)a 32.56 (0.82)a

A. acuminata | Heartwood | 173 (0.22)a | 26.08 (1.32)a | 83.15(0.53)a | 32.72 (1.94)a
Average 1.59 (0.31)A 26.19 (1.09)A | 82.61 (0.84)C 32.64 (1.42)B

Sapwood 2.32(0.58)a 30.06 (0.96)a 80.71 (1.66)a 28.16 (4.01)a

A. xalapensis Heartwood 2.33(0.80)a 27.80 (0.90)b 80.71 (1.49)a 28.63 (1.16)a
Average 2.32(0.65)B 28.93 (1.47)B 80.71 (1.50)B | 28.40 (2.82)A

Sapwood 3.70 (0.49)a 27.57 (0.72)a 84.08 (2.21)a 3490 (1.54)a

M. juergensenii | Heartwood 3.65 (0.25)a 26.71 (0.72)a 83.24 (1.82)a 33.59 (5.61)a
Average 3.67 (0.36)C 27.14 (0.82)A 83.66 (1.98)C 34.25 (3.98)B

Sapwood 3.46 (0.20)a | 30.01(0.28)a | 79.17 2.19)a | 31.03 (2.90)a

P. longipes Heartwood | 3.44(0.32)a | 29.46 (0.84)a | 75.41 (4.07)b | 34.09 (1.99)a
Average 3.45(0.25)C | 29.73(0.67)B | 77.29 3.69)A | 32.56 (2.86)B
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Sapwood 2.15 (1.02)a 31.55 (1.08)a 81.51 (1.10)a 27.28 (1.16)a
P. serotina Heartwood 2.52(0.65)a 36.69 (1.29)b 78.56 (1.40)b 29.72 (1.23)a
Average 2.33(0.82)B 3412 (2.92)C | 80.03 (1.96)B | 28.50 (1.71)A

Values in parentheses represent the standard deviation. Equal upper case letters in each column represent statistical equality
per species (p20.05). Equal lower case letters in each column represent statistical equality between sapwood and heartwood

within each species (p=0.05).

The yield of the five species, with the exception of P. serotina (34.12%) is within the interval
reported by Heya et al. (2014) for five species (20.96-30.15%). It should be noted that, as in the
present study, in the one conducted by Heya et al. (2014), charcoal was elaborated on a laboratory
scale in a furnace at a controlled temperature. However, under real conditions, the main problem
is the low carbonization yield because there are no regulations in the charcoal production process
(Bustamante-Garcia et al. 2013). Moreover, the yield may be affected by the species, dimensions
of the firewood or the type of kiln (Carrillo-Parra et al. 2013).

Moisture content

The analysis of variance of the moisture content in charcoal showed no statistical differences
between type of wood of the five species (p>0.05) (Tab. 1). The comparison test of means of
moisture content between species indicates: 4. acuminata was statistically lower to the rest of
species. Based on the moisture content, A. acuminata is more efficient as a fuel, because the
net calorific value increases with lower moisture content. In all studied species, the moisture
content was less than 5%. In general, moisture contents of less than 8% are required to reduce
the consumption of material to evaporate the water and also with these values a charcoal less

susceptible to attack by biological agents is obtained (Heya et al. 2014).

Volatile matter

On average, the volatile content for sapwood and heartwood of the five species was 80.86%
(Tab. 1). It has been reported that species with less volatile content are better as fuels because they
promote cleaner combustion (Heya et al. 2014).

By wood type, statistical differences were found between sapwood and heartwood of
P. longipes (p=0.0017) and for P. serotina (p=0.0121). By species, the volatile contents were
significantly higher in 4. acuminata and M. juergensenii 82.61 and 83.66%, respectively.

A high emission of volatiles in combustion leads to deterioration of air quality and contributes
to the generation of pollutants that can have negative repercussions on ecosystems and even on
human health (Querol 2008).

In the volatile matter of charcoal, no statistical differences were found by type of wood
(sapwood-heartwood) (p> 0.05) (Tab. 1). Volatile matter range was from 27.28 to 34.9% with an
average of 31.27%. However, when making a general comparison between the volatile material of
wood and charcoal, an increase of 158.6% of volatile was observed in wood combustion compared
to charcoal of the five species.

In the present study, in relation to the percentage of volatile content, a charcoal of 4. xalapensis
and P. serotina presents an advantage from the energy point of view, since its combustion is slower
and cleaner. On the other hand, the content of volatiles in charcoal of 4. acuminata, P. longipes
and M. juergensenii could increase the ignition ease and the speed of combustion. However, these
samples would cause the liberation of tars and emission of fume (Bustamante-Garcia et al. 2014).
High amounts of volatile matter indicate that a heterogeneous carbonization process is carried out
at low temperatures (Siddique 2008).
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Ash content

The ash content (Tab. 2) fluctuates within the reported interval for sapwood hardwoods from
the state of Michoacin, Mexico (0.25-3.54%) and also for heartwood (0.22-2.10%) (Martinez-
Pérez et al. 2015). With the exception of P. longipes, ash results are within the interval (0.10-1.0%)
mentioned in the literature for temperate hardwoods (Fengel and Wegener 2003).

The ash content is an important parameter to consider for the selection of a biomass fuel.
Under this criterion the wood of 4. xalapensis could be considered as of better quality. Conversely,
high ash content causes problems because its accumulation obstructs the flow of combustion gases
inside biomass boilers (Werkelin et al. 2011) as well as causing corrosion, erosion and abrasion

(Melissari 2012).

Tab. 2: Ash content and fixed carbon in wood and charcoal of five tree species.

Ash content (%) Fixed carbon (%)
Wood Charcoal Wood Charcoal
Sapwood 0.63 (0.04)a 2.29 (0.11)a 17.29 (0.78)a 65.15 (0.91)a
A. acuminata Heartwood 0.62 (0.06)a 2.10 (0.08)a 16.24 (0.51)a 65.18 (1.99)a
Average 0.62 (0.05)a,B 2.19 (0.14)B 16.76 (0.83)A 65.16 (1.48)B

Tree species

Sapwood 0.62(0.09 | 1.09(0.22)a | 18.68(1.64)a | 70.75 (4.23)a
A. xalapensis | Heartwood | 0.50(0.08)a | 1.68(0.32)a | 18.80 (1.48)a | 69.69 (1.45)a
Average 0.56 (0.10)A | 1.38 (0.4DA | 18.74 1.49B | 70.22 (3.07)C

Sapwood 0.87 (0.06)a 2.29 (0.12)a 15.05 (2.19)a 62.81 (1.67)a
M. juergensenii | Heartwood 0.72 (0.07)b 2.30 (0.00)a 16.04 (1.86)a 64.11 (5.62)a

Average 0.79 (0.10)C 2.29 (0.08)B 15.55 (2.00)A | 63.46 (4.00)A,B
Sapwood 1.56 (0.24)a 4.98 (1.02)a 19.27 (2.17)a 63.99 (3.49)a
P. longipes Heartwood 1.44 (0.15)a 4.68 (1.27)a 23.15 (3.98)b 61.23 (1.30)a
Average 1.50 (0.19D 4.83 (1.11)C 21.21 (3.67)C 62.61 (2.89)A
Sapwood 073 (014)a | 1.06 (0.06)a | 17.76 (1.08)a | 71.66 (1.18)a
P. serotina Heartwood 0.63 (0.05)a 1.20 (0.00)a 20.82 (1.38)b 69.08 (1.23)a
Average 0.68 (0.11)B 1.13 (0.08)A 19.29 (1.99)B 70.36 (1.77)C

The values in parentheses represent the standard deviation. Equal upper case letters in each column represent statistical
equality per species (p=0.05). Equal lower case letters in each column represent statistical equality between sapwood and

heartwood within each species (p=0.05).

No statistical differences were found in the charcoal ash content by type of wood (sapwood-
heartwood) (p> 0.05) (Tab. 2). On average 2.37% of ash was obtained for the five species. The low
content of ash in charcoal of P. serotina and 4. xalapensis allows to perceive interesting possibilities
of application from the energetic point of view.

In addition, it is an approximate measurement of the mineral salts and other inorganic
substances in wood (Rowell et al. 2005). Likewise, the results obtained show that the five species
comply with the values allowed by the German standards < 6% (DIN 51749: 1989) as well as
with the European <8% (EN 1860-2: 2005). With the exception of P. longipes, four remaining
species meet the standards of the Japanese market < 4% (Carrillo-Parra et al. 2013). Values lower
than 5% of ash content indicate that the combustion energy is obtained from carbon and that the
inorganic elements of the ash do not contribute to the heat released by combustion (Carrillo-Parra

et al. 2013).
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Fixed carbon

Fixed carbon (FC) of P. longipes was significantly higher than that of the other species.
However, the preference of people in the use of firewood species is related to attributes and
characteristics such as the availability of timber resources as well as economic and energy
implications (Aguirre-Cortés et al. 2018). Ruiz-Aquino et al. (2015) conducted a study in
the same area and reported 14.7% and 16.5% of fixed carbon for Q. laurina and Q. crassifolia,
respectively, and emphasize the importance of two species as good fuels in the study area.

In relation to the FC of charcoal, no differences were found by type of wood (sapwood
and heartwood) (Tab. 2). However, when comparing the FC content of wood and charcoal, it
was observed that FC content increases to 262% in compared to wood. Fixed carbon is related
to volatile material, and it is possible to increase it to meet with international standards to 75%
(NBN M11-001: 1984), 78% (DIN 1749:1989) and 75% (EN 1860-2:2005) if the process of
charcoal elaboration is controlled (e.g. process of carbonization is controlled by the temperature
inside the kiln) (Mdrquez-Montesino et al. 2001, Carrillo-Parra et al. 2013).

Fuel value index
In relation to the Fuel Value Index (FVI), the same tendency was observed in wood and

charcoal, with the highest values for 4. xalapensis and P. serotina (Tab. 3).

Tab. 3: Fuel value index and high heating value of wood and charcoal of five tree species.

. Fuel value index High heating value (M]-kg)
Tree species
Wood Charcoal Wood Charcoal

Sapwood | 27295.45 (1011.16)a | 8515.07 (170.07)a | 20.15(0.198)a | 32.21(0.59)a

A acuminata | Heartwood | 25299.41 (4687.63)a | 7980.97 (345.57)a | 20.17 (0.065)a | 32.01 (0.24)a
Average 26297.43 (3396.98)B | 8248.02 381.08)B | 20.16 (0.141)B | 32.11 (0.45)D

Sapwood | 30947.88 (4366.96)a | 20420.56 (3915.45)a | 20.07 (0.171)a | 31.32(0.45)a

A. xalapensis | Heartwood | 34592.65 (8599.43)a | 14395.77 (3457.60)b | 20.19 (0.193)a | 31.05 (0.57)a
Average 32770.26 (6775.33)C | 17408.16 (4722.51)C | 20.13 (0.185)B | 31.19 (0.51)B,C

Sapwood 20955.47 (1829.85)a 9711.79 (484.20)a 19.45 (0.145)a 31.49 (0.24)a

M. juergensenii Heartwood 25020.83 (2890.36)a 9047.50 (86.91)a 19.56 (0.06)a 31.21 (0.30)a
Average 22988.15 (3134.77)B 9379.65 (479.95)B 19.50 (0.121)A | 31.35(0.29)C

Sapwood 9698.66 (1710.06)a 4098.42 (896.02)a 19.71 (0.299)a 29.48 (0.61)a

P. longipes Heartwood 10148.31 (1220.46)a 4603.11 (1086.77)a 19.56 (0.143)a 29.29 (0.74)a
Average 9923.49 (1435.77)A 4350.76 (985.52)A | 19.63 (0.236)A | 29.38 (0.65)A

Sapwood 28008.89 (6264.36)a 28040.93 (418.74)a 19.71 (0.299)a 29.48 (0.61)a

P. serotina Heartwood 32221.07 (2359.53)a 26218.87 (540.94)a 19.56 (0.143)a 29.29 (0.74)a
Average 30114.98 (5020.64)C | 27129.90 (1057.42)D | 19.63 (0.236)A | 29.38 (0.65)A

The values in parentheses represent the standard deviation. Equal upper case letters in each column represent statistical
equality per species (p20.05). Equal lower case letters in each column represent statistical equality between sapwood and

heartwood within each species (p=0.05).

The charcoal FVI of P. serotina was significantly higher than FVI of four remaining species.
This index assigns a value according to the energy capacity of wood fuels and classifies the
species based on the physical properties of their wood (Alves et al. 2008). According to Médrquez-
Reynoso et al. (2017), the FVT is not related to the preference that people have over which wood
to use, which is rather influenced by other characteristics such as the availability of firewood,
proximity and viability to obtain it.
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High heating value

It was determined little variation of the high heating value (HHV) between the wood of
the studied species (Tab. 3). The values obtained in this study are within the reported range for
twenty species of the Peruvian Amazon (19.3-20.5 MJkg1) (Uceda 1984) and it is higher than
the average obtained for ten Mexican species 17.78 M]-kg! and 18.62M]-kg™! for sapwood and
heartwood, respectively (Martinez-Pérez et al. 2015). HHV must not be considered as the main
indicator of the goodness of a fuel (Corradi-Pereira et al. 2012) because the volatiles and ash have
a highly significant influence on their qualities to be used as fuels (Rivera and Uceda 1987).

No statistical differences were found between the HHV of charcoal by wood type
(sapwood-heartwood) for each species (p>0.05). However, among species A. acuminata with
a HHV of 32.11 MJ kg1 was significantly higher than the other species. The average for sapwood
and heartwood of the five species was 30.99 MJkgl, an increase of 55.5% was observed with
respect to the average HHV of wood of these species (19.93 M]J kg1) (Fig. 2).
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Fig. 2: High heating value (M]kg!) in wood and charcoal of five tree species.

Based on the classification proposed by Rivera and Uceda (1987), species with HHV lower
than 33.49 MJ-kg?! can be used as fuels with good qualities and according to Heya et al. (2014);
HHYV values between 29.0 and 35.0 MJ-kg! represent important sources of energy.

CONCLUSIONS

Five species are found below the 8% of moisture content required to reduce the consumption
of material to evaporate the excess water. Based on their basic density, the woods of the five
species studied are classified as light woods; however, they showed good yields when are
transformed into charcoal.

The use of wood and charcoal as fuel are a good alternative, considering the calorific value as
a basis. In relation to the fixed carbon of charcoal, it is possible to increase it if the carbonization
temperature is controlled which would result in a lower quantity of volatiles and lower yields.

In elaboration of charcoal in the laboratory good yields were obtained so with a sequel of
appropriate carbonization, it is feasible to achieve yields that are attractive for charcoal producers
of the region.

The five species studied have good potential as a source of locally available energy, either
in the form of firewood or in the form of charcoal with significantly better energetic properties.
In addition, these species are an abundant forest resource in the Sierra Juarez region and their
inclusion in management plans could be important in the development of the forestry sector.
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