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Abstract
Wood is considered an important renewable energy resource with a variable elemental chemical composition, which may change
according to environmental conditions (e.g., temperature, precipitation, altitude). In this study, we evaluated how heating value
(HV), elemental chemical composition, and main thermoenergetic parameters of Abies religiosa wood change along an altitu-
dinal gradient. To evaluate these parameters, wood samples were collected from six independent trees in an altitudinal gradient
(3000–3500masl) every 100 m of altitude (36 trees) and their respective HV (higher and low), thermogravimetric and immediate
analysis, specific carbon energy (SCE), and fuel value index (FVI) were determined. We found that the higher and lower heating
values, elemental chemical composition and the majority of the studied parameters were significantly different (p < 0.05) between
altitudes. Our results suggest that A. religiosa wood from 3300 masl has more energy content than wood from 3200 and 3500
masl. Additionally, FVI showed that wood from 3500 masl is the best feedstock in order to use as a solid biofuel. Finally, the
results suggest that the altitude at which A. religiosa is grown significantly affects the energetic content of their wood and
throughput as a solid biofuel.
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Introduction

Since the origin of humanity, wood has been an important energy
reserve for emergency cases such as natural disasters, fossil fuel
shortages, and is used as a primary fuel source for those in ex-
treme poverty. Its demand is still increasing because this fuel
source is mainly used for heating and food preparation [1, 2].
Globally, the bioenergy potential of wood has been estimated to
be 1700 × 1018 J/year, making it an important renewable resource
due to its availability [3]. However, the use of wood as an energy
resource has been associated with problems of pollution, defores-
tation, and desertification [1]. To mitigate these negative impacts,
a sustainable forest ecosystem management approach should be
included as part of a strategy for climate change mitigation [4, 5].

In the sustainability use of biomass, characterization of raw
materials is crucial to understand how to transform them to
biofuels. Therefore, it is necessary to evaluate and characterize
the main chemical and thermoenergetic properties of woody
biomass [3]. One of the most important parameters to charac-
terize a material as a potential fuel is its heating value, since
this is the absolute value of thermal energy released in the
combustion process [6, 7].
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Other important parameters are the percentages of humidity,
volatile material, fixed carbon, and ash content, which are deter-
mined by immediate analysis. From these parameters, it is pos-
sible to find the fractions of material in which the chemical en-
ergy is stored (volatile compounds and fixed carbon) and to
identify the inert fractions (moisture and ash) too [6, 8–10].

In many countries, includingMexico, conifers are the forestry
resource with the most economic importance [11, 12]. They be-
long to the softwoods and are more recalcitrant than hardwoods,
as solid fuels, due to that the first of both usually have a higher
lignin and carbon content (the primary energy source of wood)
which gives the softwoods a higher heating value (HHV) than
hardwoods [8, 13–16].Within the conifers, the genusAbies (Firs)
is an abundant taxa of the mountain forests of Mexico and
Central America [17], which has not been sufficiently studied.

Particularly,Abies religiosa (Kuntch) Schldl. etCham (Sacred
fir) is a specie relatively common from the Trans-Mexican
Volcanic Belt, which develops under very particular geographi-
cal, climatic, and ecological conditions, confined in high moun-
tain areas in altitudinal gradients from 2400 to 3600 masl, in
Mexico, this conifer has been found in locations like: the
Mexico valley, the Pico de Orizaba, Cofre de Perote, and
Nevado de Toluca mountains, among others (these areas repre-
sent approximately 0.16% of the vegetative cover in the country)
[17, 18]. This species contains on average 46.5% of carbon [5].
However, it is unknown whether its carbon content is modified
along an altitudinal gradient as it occurs in other species of the
same genus [19, 20], or whether the altitude has an effect on its
respective heating value as well as in other parameters of the
wood [21].

The question that we address in this study was as follows:
Does the heating value, elemental chemical composition, and
the main parameters of thermal degradation process of Abies
religiosa wood change because of growing up in different
altitudes? The hypothesis was the following: If the elemental
chemical composition, particularly carbon content, changes
along the altitudinal gradient in A. religiosa wood as it occurs
in other species, then the heating value and other
thermoenergetic parameters of wood also could change and
affect its solid biofuel throughput. We expect to find the most
contrasting changes in energy content, elemental chemical
composition and other parameters of thermal degradation of
wood at the lowest and highest level (3000–3500 masl) of the
altitudinal gradient because they have conditions that limit
physically and biologically the distribution of A. religiosa.

Materials and Methods

Study Site

Wood from A. religiosa was obtained from the National Park
Cofre de Perote (19° 31.908′ N and 97° 09.246′), specifically

from BEl Conejo,^ Perote, Veracruz, Mexico. The climate is
temperate cold-sub-humid, with a range of temperatures rang-
ing from − 5 to 22 °C and a rainfall regime in summer, ranging
between 1200 and 1500 mm annually [18, 21]. A. religiosa
forest develops only along the altitudinal gradient from 3000
to 3500 m at the study site [22].

Sampling

Samples of A. religiosa wood were collected along an altitu-
dinal gradient (AG) of 500 m in August 2014. AG was divid-
ed into six altitudinal levels with a distance of 100 m from
each other (3000, 3100, 3200, 3300, 3400, and 3500masl). At
each of these levels, wood samples from six trees were col-
lected at a trunk height of 1.3 m according to the methodology
developed by Musule et al. [23]. A total of 36 trees were
sampled. The chemical composition of A. religiosa wood
was 54.81 ± 2.20% cellulose, 12.37 ± 1.33% hemicellulose,
and 24.68 ± 1.16% of insoluble lignin [21].

Pretreatment of Samples

Wood samples (20 ± 0.03 g) were dried (105 ± 5 °C for 24 h)
in a force convection furnace according to the Technical
Association of the Pulp and Paper Industry (TAPPI) standards
(T 264cm-07, Preparation of Wood for Chemical Analysis)
[24]. Samples were then ground with a Cyclotec 1093 (Foss
Tecator, Hamburg, Germany) laboratory grinder equipped
with a 1 mm mesh, aiming to produce materials with uniform
characteristics (1 mm), for further analysis.

Higher Heating Value Determination

HHV of wood samples were calculated using an adiabatic
oxygen bomb calorimeter (Parr 6400, Parr Instrument
Company, IL, USA). Benzoic acid (NIST Thermochemical
Standard 39j, 26,434 ± 3 J g−1) was used as standard to cali-
brate the instrument. One gram of A. religiosa wood pellets
were placed into nickel crucibles and burned within the instru-
ment, starting the ignition with pure cotton thread [25]. HHV
was determined in triplicate, and the average value was report-
ed for each sample in MJ/kg.

Elemental Analysis (EA)

Nitrogen (N), carbon (C), hydrogen (H), and sulfur (S) con-
tents were evaluated through the elemental analyzer
(Eurovector EA 3000, Milano, IT) and 1.5 mg of dry sample
was used for each determination. The oxygen content (O) was
estimated by difference (100% −%C −%N −%H −%S
−%ash) [26]. EA was carried out by duplicate, and average
value was reported for each element. AVan Krevelen diagram
was used to compare atomic rates: H/C and O/C [27, 28].
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Thermogravimetric and Immediate Analysis

Thermogravimetric analysis (TGA) was performed by a TGA/
DSC analyzer (Perkin Elmen STA 6000, EEUU) under con-
stant flow of nitrogen (40 mL/min) in a range of temperatures
from 25 to 950 °C. The TGA was heated from 25 to 120 °C
with a heating rate of 50 °C/min; then, temperature was main-
tained at 120 °C for 3 min, heating from 120 to 950 °C at
100 °C/min, and cooling from 950 to 450 °C at 100 °C/min.
Then, a change from nitrogen to oxygen at 40 mL/min flow
was done; heating from 450 to 800 °C at 100 °C/min and
finally an isotherm of 800 °C for 3 min (adopted method for
immediate analysis). Approximately 10 mg of wood sample
was used. Data processing and DTG curves (first derivate
from TGA curves, lost weight rate dm/dT) were made using
the Pyris software (Perkin Elmer).

Parameters of immediate analysis Percentage humidity
(Hum), volatile material (VM), and fixed carbon (FC) were
obtained by TGA analysis. Duplicates of the percentage of ash
were determined by direct incineration of 1 g of dry wood by
sample in a muffle, using the methodology described by
Sluiter et al. [29]. Additionally, a ternary diagram (VM, FC,
and ash percentage) was used to compare the immediate com-
position of A. religiosa wood in different altitudes
transforming and normalizing percentages of this parameters
to the value of 1.

Low Heating Value, Specific Carbon Energy, and Fuel
Value Index Estimations

Low heating value (LHV, dry base, expressed in MJ/kg) of
samples was estimated using Eq. 1 [7]. Furthermore, the pa-
rameter specific carbon energy (SCE) was calculated (kJ/%
dry base) [30]. Moreover, fuel value index (FVI) was estimat-
ed using Eq. 2 (taking into account humidity percentage in
field) [31, 32] and Eq. 3 (without considering humidity per-
centage in field) [31, 33, 34]. A. religiosa wood density
(g/cm3) was calculated using the empiric method described
in previous reports [35]. Humidity percentage of wood in field
(%) was calculated by gravimetric dehydration of wood in a
drying oven for 24 h at 105 ± 5 °C.

LHV ¼ HHV−212:2* %Hð Þ−0:8* %Oþ%Nð Þ ð1Þ

FVI1 ¼ HHV*Density
Humidityfield*Ash

ð2Þ

FVI2 ¼ HHV*Density
Ash

ð3Þ

Statistical Analysis

One-way ANOVAs were carried out considering altitudinal
gradient as factor while dependent variables were as follows:
(I) higher heating value (II) percentages of EA and their re-
spective atomic rates (%C, %H, %O, H/C, and O/C)c (III)
parameters obtained by TGA and immediate analysis
(%Hum, %VM, %FC, and %ash), and (IV) calculated values
for LHV, SCE, and FVIs. Additionally, a post hoc Tukey test
was performed in order to make multiple comparisons.

In all cases, the dependent variables that did not fulfill the
assumptions of a normal distribution were transformed into
ranks suitable for parametric statistical analysis [36]. In
ANOVAs, wood samples of each tree were considered as a
sampling unit with six replicates per level (altitudinal level). A
trust rate of 95% was analyzed (P < 0.05) using R statistical
free software (2.14.2 version). Graphs were drawn with
GraphPad Prism 6 and XLSTAT software.

Results and Discussion

Higher Heating Value Determination

The average HHV (36 trees studied) of A. religiosawood was
18.8 ± 0.23 MJ/kg. Significant differences (p = 1.39 × 10–
5***) were observed in the HHV in relation to the altitude
(Fig. 1), with an upper HHV in wood developed at altitudes
of 3300, 3400, and 3100, in contrast with lower HHV in the
wood that grew up at 3200 and 3500 masl.

The HHV of A. religiosa wood was found within the re-
ported range for different types of biomass (14–23 MJ/kg dry
matter) [16]. However, it was lower than the general HHVof
softwoods (20.08 MJ/kg) [7]. Compared to other species of
the genus Abies, it had also a lower value. For example, the
HHV found for A. concolor, A. pindrow, and A. spectabilis
were 19.9MJ/kg for the first [37] and 21.2MJ/kg for the latter

Fig. 1 Higher heat value (HHV) of A. religiosawood along an altitudinal
gradient. Bars are average values (n = 6 ± standard deviation) and
different letters indicate significant differences (Tukey’s HSD, α = 0.05).
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two [33]. This can be attributed to the intrinsic differences of
woods between species [3, 38]. Lima reported a HHV of
A. religiosa wood of 18.1 MJ/kg [39], a very similar value
to the one found in the present study, which suggests the
presence of small changes in HHV intraspecies (within the
same species), possibly associated to multiple variables, for
example different ecological conditions in relation to the re-
spective geographical areas from growth, among other.
Moreover, HHVof A. religiosawood is similar to the reported
value for BDouglas Fir^ (Pseudotsuga menziesii) (18.88 MJ/
kg), a wood species widely researched for bioenergy purposes
[40].

Significant differences in HHVof A. religiosa wood from
different altitudes suggests the presence of changes in other
parameters widely related to HHV, such as the elemental and
immediate composition of wood [28, 41, 42]. In this sense, the
main causes of HHV modification are carbon content (main
energy source) and changes in mineral content (percentage
ash) [16]. However, there are other factors that can also
change the HHV, for example the proportions of the elements
H and O [41, 42].

Elemental Analysis

EA results of A. religiosa wood showed 46.17 ± 3.35% of
carbon content, 47.70 ± 3.08% of oxygen, and a hydrogen
content of 6.12 ± 0.35%. Nitrogen and sulfur were not detect-
ed by EA in wood samples. These results suggest that both
elements could be present in very small amounts, under the
detection limit of the instrument used in the present study
(0.1%). Significant differences in the percentages of three an-
alyzed elements (C, H, and O) in relation to altitude (p < 0.05)
were found. Carbon content was higher in 3300 and 3400
masl and lower in 3000 masl (Table 1) while oxygen content
had an opposite pattern (lower in 3300 and 3400 masl and
higher in 3000 masl); finally, hydrogen percentage was higher
in 3000 masl and lower when altitude increased in the highest
altitudinal levels (3400 and 3500 masl).

The general elemental composition of wood is 50% carbon,
44% oxygen, 6% hydrogen, and 0.1% nitrogen [43], and our
results showed that average elemental composition of
A. religiosa wood presents variations with respect to general
reported values, mainly in a higher oxygen content and in a
lower carbon content, in contrast to other kinds of wood [8,
30, 44]. On the other hand, the virtual absence of N and S in
A. religiosa wood suggests that during combustion, it will
produce a low concentration of NOx and SO2 [40] which
contribute to environmental problems such as acid rain and
smog [3, 45]. Thus, this wood could be considered less pol-
luting than others woody biomass with more content of N and
S.

When the elemental composition of A. religiosa is com-
pared with the reported percentages for other species into the

same genus (51.23% carbon, 42.29% oxygen, 5.98% hydro-
gen, 0.06% nitrogen, and 0.03% sulfur) [3], a lower carbon
content and a higher percentage of oxygen are found also.
Additionally, a variation in elemental composition is also ob-
served for A. amabilis (48.55% carbon and 8.1% hydrogen, in
Canada), A. balsamea (50.08% carbon and 7.69% hydrogen,
in Canada) [15], A. concolor (49% carbon, 45% oxygen,
5.98% hydrogen, 0.05% nitrogen, and 0.01% sulfur, in the
USA) [37], and A. bornmulleriana (47.2% carbon, 4xygen,
6.1% hydrogen, 0.3% nitrogen, and 0.03% sulfur, in Turkey)
[46]. These data suggest an important variation in elemental
content between species from the genus Abies.

With respect to the carbon content and its storage in trees,
the generic value of carbon in wood is 50%; this percent may
lead to a sub- or overestimation of carbon storage, because the
concentration of this element varies depending on the species
in a range of around 47–59% [15, 47]. The results found in
this study indicate that the use of 50% of carbon for
A. religiosa wood would imply an overestimation in the gen-
eration of the models to estimate its carbon storage. Moreover,
it is important to emphasize that changes can also occur in the
intraspecies content of carbon, as can be seen from the data
reported for A. balsamea (50.08–51.8%) [15, 48] and on the
results of the present study.

Changes in carbon content have been associated with en-
vironmental factors too, such as different growth sites and
their respective climatic conditions [49, 50]. Regarding alti-
tude, in the A. georgei wood, significant changes were report-
ed in carbon concentration along an altitudinal gradient (46.7–
48%) decreasing with altitude [19]. In this study, we found
that carbon content of A. religiosa wood also changed signif-
icantly with altitude, from 41.23 ± 0.79% for the lowest part of
the altitudinal gradient (3000 masl) to 49.18 ± 1.14% at the
altitude of 3300 masl, which suggests different responses of
variation of the carbon content related to the altitude in these
species. A recent study (using a meta-analysis) highlighted the
influence of altitude in relation to carbon content in forest
foliage, reporting a 2.1% increase in carbon content per
1000 m of altitude [51]. Therefore, depending on the species,
the anatomical fraction studied and the climatic conditions,
different patterns of variation of the carbon content in relation
to the altitude could be expected, which also can lead to
changes in the quality of wood and be closely related to the
different forms of carbon flows and cycles in forest
ecosystems.

The O/C and H/C atomic rates in A. religiosa wood col-
lected at different altitudes were significantly different
(p < 0.05) (Table 1). It was noted that for O/C rate, 3000 and
3100 masl ˃ 3200 masl ˃ 3500 masl ˃ 3300 masl, and for the
rate H/C, 3000 and 3100 masl ˃ 3200, 3300, 3500, and 3400
masl. By means of average atomic O/C and H/C rates of the
different altitudes, a Van Krevelen diagram was constructed
(Fig. 2), where the following descending order was observed:
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3300, 3400, 3500, 3200, 3100, and 3000 masl. This suggests
that as the elemental composition of the wood changes with
respect to the altitude, its respective HHV is modified also, the
reasonwhy the woodmust vary its content of compounds with
carbonyl groups and unsaturations in relation to the altitude,
increasing the HHV in woods with a higher amount of C-C
bounds and lower C-O and C-H bounds [27, 28].
Additionally, a high content of carbon and hydrogen and

low oxygen (degree of oxygenation) are associated with an
increase in the HHV [8, 52].

Contrasting the results obtained in the HHV experimental
determination with the results of the EA, actually a higher
HHV was found in the wood of the altitudinal levels of
3300 and 3400 masl, which have the largest amounts of car-
bon. However, it was found that HHV was also high in the
wood of 3100 masl, despite not containing a high carbon
content and located with a higher O/C ratio as shown on the
Van Krevelen diagram. The wood with a lower HHV were
those of the altitudes of 3200 and 3500 masl and not at 3000
masl (Fig. 2), which could imply that in addition to the ele-
mental composition, there are other factors that could be af-
fecting the variation of HHV in the A. religiosa wood.

Thermogravimetric (TGA) and Immediate Analysis

Weight loss curves (%) according to temperature (Fig. 3a) and
the respective derivatives of TG curves (dweight/dT mg/°C)
(Fig. 3b) were obtained by TGA of A. religiosa wood.
Initially, a small weight loss was observed between 100 and
120 °C which was related to the evaporation of remaining
water (% humidity) into the wood [53]. Then, a further ther-
mic degradation process of wood occurred in a range from
320 to 400 °C, and it was characterized by an important
weight loss (70.79 ± 1.53%) which may be mainly related to

Fig. 2 Van Krevelen diagram of A. religiosa wood from different
altitudes. Different symbols represent the average intercept value (n = 6)
of O/C and H/C atomic ratios of A. religiosa wood along different
altitudes

Table 1 Elemental analysis, immediate analysis, and some estimated parameters of A. religiosa wood along the altitudinal gradient

Parameters Altitudes (masl)

3000 3100 3200 3300 3400 3500

Elemental analysis

Ca (%) 41.2 ± 0.8a 42.9 ± 1.2a 46.2 ± 1.1b 49.7 ± 0.8d 49.1 ± 0.7cd 48.6 ± 0.4c

Ha (%) 6.6 ± 0.3c 6.3 ± 0.1bc 5.9 ± 0.4ab 6.1 ± 0.3ac 5.9 ± 0.4ab 5.7 ± 0.3a

Oa (%) 51.1 ± 1.0d 49.9 ± 1.1d 46.9 ± 1.0c 43.3 ± 0.6a 44.4 ± 1.0ab 45.2 ± 0.7b

O/Ca (atomic) 0.93 ± 0.04d 0.87 ± 0.04d 0.76 ± 0.04c 0.65 ± 0.02a 0.68 ± 0.03ab 0.70 ± 0.02b

H/Ca (atomic): 1.91 ± 0.10b 1.78 ± 0.08b 1.55 ± 0.12a 1.48 ± 0.10a 1.43 ± 0.10a 1.42 ± 0.07a

Immediate analysis

Humiditya (%) 5.2 ± 0.1a 5.7 ± 1.1ab 5.8 ± 0.5ab 5.6 ± 0.5ab 6.6 ± 0.8b 6.4 ± 0.6b

VM (%) 76.1 ± 2.4 76.3 ± 1.2 74.4 ± 1.0 76.3 ± 1.5 76.2 ± 1.2 77.2 ± 1.3

FC (%) 16.8 ± 2.2 17.6 ± 1.0 18.2 ± 0.8 17.5 ± 1.4 17.3 ± 1.0 16.6 ± 0.8

Asha (%) 1.1 ± 0.3b 0.9 ± 0.2ab 1.0 ± 0.1b 0.9 ± 0.3ab 0.6 ± 0.10a 0.5 ± 0.2a

Estimated parameters

LHV (MJ/kg)a 17.4 ± 0.3ac 17.6 ± 0.1ac 17.3 ± 0.1a 17.7 ± 0.2c 17.6 ± 0.1bc 17.3 ± 0.2ab

SCE (kJ/%)a 456.7 ± 11.8c 441.9 ± 10.5bc 402.0 ± 9.5b 383.2 ± 4.7a 384.3 ± 4.4a 382.1 ± 4.5a

Density (g/cm3) 0.31 ± 0.02 0.33 ± 0.03 0.34 ± 0.02 0.33 ± 0.05 0.33 ± 0.05 0.31 ± 0.04

Humidity in field (%)a 56.6 ± 4.2b 52.5 ± 4.9ab 52.9 ± 4.0ab 51.4 ± 4.0ab 49.4 ± 2.2a 48.3 ± 3.5a

FVI1
a 317.3 ± 103.7a 394.7 ± 121.0ab 341.7 ± 39.6ab 387.4 ± 101.6ab 547.6 ± 133.0b 659.0 ± 216.3b

FVI2
a 569.9 ± 226.4a 764.4 ± 271.3ac 651.8 ± 107.7ab 770.0 ± 266.3ac 1113.2 ± 284.9bc 1370.1 ± 460.3c

Data are averages of n = 6 ± standard deviation. Different letters indicate significant differences (Tukey’s HSD, α = 0.05)
a Parameter with significant differences with respect to altitude
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depolimerization process of hemicelluloses and cellulose from
wood [53, 54]. On the other hand, thermograms ofA. religiosa
wood (Fig. 3a) did not show the slight shoulder-shaped peak
around 300 °C that is typical in many kinds of wood [53, 54].
This shoulder-shaped peak is related to degradation of hemi-
celluloses [53] so its absence can be explained because of a
lower concentration of this biopolymer in A. religiosa wood
[21]. Also, this peak has not been observed in TGA of wood
from another species of fir (A. alba) [54] which could be a
common feature of thermograms of wood from genus Abies,
so it is relevant to extend the database of TGA obtained from
this kind of wood.

Additionally, four parameters of thermic degradation pro-
cess (Table 2) were obtained from DTG curves (around 380–
400 °C): initial temperature (T0), maximum thermic degrada-
tion temperature (Tm), final temperature (Tf), and weight loss
(%). Significant differences (p < 0.05) in Tm and Tf were
found showing different levels of thermic stability in wood

at 3500 masl in contrast to wood at 3200 and 3000 masl.
Wood samples from 3200 and 3000 masl were less stable to
temperature than wood samples from 3500 masl. These vari-
ations can be explained by changes in chemical composition.
For example, it is reported that a higher lignin content is re-
lated to a higher thermic stability [53] which is consistent with
the found results by our research group in a previous study
about changes in chemical composition of A. religiosa wood
[21]. Furthermore, thermic degradation of a chemical com-
pound of wood may accelerate the degradation of other com-
ponents into the same wood [53] which suggests that this
could be occurring during the thermic degradation degree in
wood from 3000 and 3200 masl.

Parameters of average immediate analysis of A. religiosa
wood were 5.88 ± 0.77% of humidity, 76.09 ± 1.63% of vol-
atile material, 17.30 ± 1.30% of fixed carbon, and 0.82 ±
0.31% of ash. Significant differences (p < 0.05) in humidity
and ash percentage in relation to altitude were found (Table 1).
Humidity was higher in upper altitudinal levels (3400 and
3500 masl) in contrast to the lowest altitudinal level (3000
masl). Moreover, ash percentage was higher in lower altitudi-
nal levels (3000 and 3200 masl) than in upper altitudinal
levels (3500 and 3400 masl). Results suggest that
A. religiosa could have a lower access to mineral material
and consequently to a lower accumulation of minerals in its
wood at upper altitudinal levels in contrast to the lowest alti-
tudinal level, which is in agreement with previous studies in
which it has been observed a relation of nutrient deficiency
and decrease of minerals in soils and plants respect to an
increase of altitude [55–57]. Besides, a higher ash percentage
is associated to a decrease in HHV [6, 28, 42] which is con-
sistent with the observed data in wood from 3000 and 3200
masl. However, wood from the uppermost altitudinal level
(3500 masl) showed the lowest ash percentage and a low
HHV which suggests that also other factors can affect the
decrease in this parameter. Percentages of VM and FC did
not show significant differences in relation to altitude
(p < 0.05).

Ternary diagram of VM, FC, and ash percentage (Fig. 4)
showed that the analyzed samples (into the altitudinal range

a

b

W
e
i
g
h
t
 
(
%
)

d
w
e
i
g
h
t
/
d
T
 
(
m
g
/
°
C
)

Temperature (°C)

Altitudes:

Temperature range

related to

the depolimerization

process of

hemicelluloses

and cellulose

Fig. 3 Thermograms of A. religiosa wood along the altitudinal gradient.
Curves with different pattern represent the average value (n = 6) of the
thermal degradation process for wood from each altitude

Table 2 Parameters of thermal
degradation process of
A. religiosa wood along the
altitudinal gradient

Altitudes To (°C) Tm (°C)a Tf (°C)
a Lost weight (%)

3000 318.4 ± 5.6 388.2 ± 9.7a 424.1 ± 7.1a 70.3 ± 1.8

3100 320.7 ± 7.4 392.3 ± 5.8ab 429.3 ± 3.8ab 71.7 ± 1.6

3200 318.2 ± 5.9 386.0 ± 4.0a 425.0 ± 4.6a 69.7 ± 1.3

3300 320.5 ± 7.7 393.6 ± 7.5ab 427.9 ± 4.7ab 71.0 ± 1.9

3400 324.1 ± 7.0 395.8 ± 4.6ab 429.6 ± 2.0ab 70.8 ± 0.7

3500 326.3 ± 7.7 400.6 ± 4.8b 433.73 ± 4.5b 71.1 ± 1.3

Data are averages of n = 6 ± standard deviation. Different letters indicate significant differences (Tukey’s HSD,
α = 0.05)
a Parameter with significant differences with respect to altitude

214 Bioenerg. Res. (2018) 11:209–218



from 3000 to 3500 masl) of A. religiosawood are very similar
between them and only a small separation is observed in the
marks fromwood at 3200 and 3500 masl. Taking into account
the EA, TGA, and immediate analysis results obtained in this
study, we conclude that distribution of chemical components
of A. religiosa wood change slightly in relation to altitude,
mainly at 3200 and 3500 masl where more meaningful differ-
ences are observed. In addition, their respective chemical
compositions could be decreasing their HHV in both altitudes
due to different factors, probably related to each altitudinal
level.

Low Heating Value, Specific Carbon Energy, and Fuel
Value Index Estimations

The average LHV for A. religiosa wood was 17.46 0.23 MJ/
kg. This value was lower than the value for A. concolor
(18.6 MJ/kg) [37] but higher than the reported data for other
tree species [7]. On the other hand, significant differences (p =
0.001**) in LHV in relation to altitude were found with a
higher energy content in wood from 3300 masl with respect
to wood from 3200 and 3500 masl. The last was similar to the
found data in HHV. However, in contrast to results of HHV,
the amount of net energy of wood from 3500 masl was not
significantly different to wood from 3400 and 3100masl. This
is because of the respective element concentrations of

elements (O and H percentages in wood samples) in each
altitudinal level.

Moreover, the average SCE for A. religiosa wood was
408.36 ± 31.37 kJ/% which is consistent with the reported
value for biomass from forest origin (396 kJ/%) [29]. SCE
showed highly significant differences (p = 1.8 × 10–11***) in
relation to altitude (Table 1). It was found that SCE of
A. religiosa wood had the next pattern: 3000 masl > 3200
masl > 3300, 3400, and 350 masl. The last means that this
parameter increased at the lowest altitudinal level, then at
3200 masl and decreased in upper altitudinal levels. These
results again suggest that carbon could be found in different
kinds of sp3, sp2, or sp hybridized carbon atoms and in dif-
ferent functional groups which could influence SCE values.
Additionally, oxidation state of carbon also could affect the
relation between HHVand SCE, particularly in carbon content
[30].

Average density of A. religiosa wood was 0.32 ± 0.04 g/
cm3. This result was lower than the previous reported value
for the same species (0.36–0.38 g/cm3) [58, 59] which sug-
gests an intra species variation. Density of A. religiosa wood
may be considered low in comparison to other kinds of wood
from the same genus such as A. pindrow and A. spectabilis
(0.81 g cm−3 for both) [33] and also in other conifer woods
(0.51 g/cm3 as average) [59]. According to our results, density
of A. religiosa wood did not show significant differences
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(p < 0.05) in relation to altitude (Table 1). On the other hand,
humidity in field of A. religiosa wood was 0.52 ± 0.04%
showing significant differences (p < 0.15*) with respect to
altitude (Table 1) in the next order: 3000 masl > 3400 and
3500 masl; the last means that upper altitudinal levels showed
a lower amount of water. However, it is important to highlight
that humidity in field is a nonintrinsic parameter of wood from
a particular species and its value may vary in a short period of
time [33].

Fuel value indexes FVI1 and FVI2 for A. religiosa wood
had an average value of 441.29 ± 172.65 and 873.23 ± 389.52,
respectively (Table 1). FVI1 of A. religiosa wood was lower
than the reported value for other kinds of wood [31] which
could be related to the relatively high percentages of humidity
in field and the low density of A. religiosawood. On the other
hand, FVI2 was higher than in other species such as Lannea
grandis, Lagerstroemia flos-reginae, Pinus roxburghii, and
many others [31, 33, 34]. The last could be due to the fact that
A. religiosa has low ash percentages in its wood which im-
proves FVI2. Additionally, FVI2 for A. religiosa is close to
FVI2 for A. pindrow and A. spectabilis (903.8 for both) [33].

Significant differences (p < 0.05) in FVI1 and FVI2 in rela-
tion to altitude were found (Table 1). Results showed a rele-
vant association of altitude with both indexes which is ex-
plained by a significant association between altitude and
HHV, humidity in field, and ash percentage, so FVIs are very
sensible to altitude. Both indexes indicate that quality of wood
as a fuel is higher in upper altitudinal levels (3500 and 3400
masl) than in the lowest altitudinal level (3000 masl) because
in this altitudinal level, wood has higher percentages of ash
and humidity in field. In addition, a low value of standard
deviation was observed between the FVIs data of samples
obtained at 3200masl which could indicate homogeneity con-
ditions in A. religiosa wood at this altitude.

Conclusions

In this study, the quality of A. religiosa wood as solid biofuel
changes significantly in relation to altitude. Significant differ-
ences in energy content, elemental content, and other impor-
tant thermoenergetic parameters of A. religiosa wood were
found at the different altitudes where samples were collected.
Our data indicate that wood from 3300 masl had a higher
energy content (HHV and LHV) and was characterized by a
higher carbon content and lower O/C and H/C atomic rates.
Furthermore, wood from 3200 and 3500 masl had a lower
energy content. Taking into account our data, the decrease of
energy content in wood from 3200 and 3500 masl could be
due to several possible factors such as different elemental
content, variable hybridation and oxidation state of carbon,
differences in their thermic stability, and ash percentages.

The stated hypothesis in this study about probable signifi-
cant changes in energy content, elemental content, and other
parameters of A. religiosa in relation to altitude was not
rejected. With respect to wood from extreme altitudinal levels
(3000 and 3500 masl), a higher energy content was not ob-
served. However, if FVIs are considered, then wood from the
uppermost altitude areas (3500 masl) is the best option to use
as a solid biofuel due to its low percentage of ash and
humidity.
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