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Abstract: Scientific studies on the impact of wood species on solid fuel production, performance, and
sustainability are grossly inadequate. The knowledge of this is imperative as users of solid fuels are increasing
rapidly, especially in Africa. On this note, it becomes necessary to explore measures that will improve its
efficiency and sustainability as an energy source. This study investigates some properties of selected wood
species used as an energy source in Nigeria and their pelleting potential. Nine (9) samples were characterized
and assessed for suitability of pelleting following four wood pellet quality standards. The findings revealed
Anogeissus leiocarpus as the species with the best rating score in terms of fuel properties while Vitellaria paradoxa
as the lowest. However, in terms of conformity with the four wood pellets standards, Khaya senegalensis, Parkia
biglobosa and Anogeissus leiocarpus having presented density, calorific value, sulfur, arsenic, cadmium, and lead
within the limits of the wood pellet quality standards were considered the best wood species in terms of fuel
suitability and pelleting potential. The findings therefore suggest that not all wood species are suitable as fuel.
Thus, for species that do not meet the standard wood pellet requirements, alternatives such as the use of
biomass blends, additives, or process adjustments can be employed to adapt the quality to the standards or by
using the fuels in improved cookstoves.

Keywords: wood; pellets; energy; physical properties; thermochemical properties; standards

1. Introduction

Woody biomass is one of the most used forms of biomass globally. Their use as fuel is increasing
rapidly across the globe. About one-third of the world population equivalent to 2.6 billion people
rely primarily on fuelwood to meet their energy needs [1]. This is more predominant in Africa where
over 80% of the population relies on different forms of wood to meet their energy needs [2]. Based on
this, the rate of deforestation and climate change has increased in recent years. In Africa, about 3.4
million hectares of forest land is lost per year [3]. Nigeria is among the top ten countries globally with
the highest rate of forest loss, as 5.0 % (410,000 hectares) of forest land is lost per annum [4]. This
figure may be exacerbated further as Nigeria is also the second-highest charcoal-producing nation in
the world with an annual average production capacity of 4,828,689.00 tonnes as of 2022 [5]. Similarly,
the country’s major consumer of wood is the fuelwood sector which as of 2015 accounts for almost
87% of the total wood extracted [4]. More worrisome is the fact that the production process is devoid
of sustainable mechanisms such as constant tree planting to account for the deforested ones. Apart
from the environmental impacts recorded through deforestation in Nigeria, the GDP accrued from
forest ecosystem services which was valued at about one million Naira per hectare in 2015
(1,000,000/ha) has drastically reduced due to deforestation [6]. To minimize the rate of deforestation
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in Nigeria, [6] has recommended the formulation of policies involving tree planting through
agroforestry, carbon trading, and the payment of incentives for forest management.

For solutions involving the production and use of alternative energy to curtail the unsustainable
use of forests for fuel, several studies have worked enormously in various aspects. Some of these
include the processing of lignocellulosic biomass into fuels such as briquettes [7,8], pellets [9], and
biogas [10] among others. The appropriate use of fuel especially at low moisture content in improved
cookstoves is another approach that can considerably reduce the gaseous emissions encountered
from incomplete combustion. In this vein, studies including [11,12] have developed improved
biomass cookstoves to reduce fuel use and gaseous emission. This has been proven as an effective
approach to reduce the use of fuelwood and charcoal, with the potential of improved performance if
the cookstoves are powered by pellets made from non-woody biomass [13]. Despite the numerous
advances, charcoal, and fuelwood production and use keep exacerbating. The use of polluting fuels
including fuelwood and charcoal was projected to continue with more than one (1) billion people in
Sub-Saharan Africa by 2025 [14]. Thus, it becomes imperative to explore measures involving policy
regulations that will improve sustainability in the use of wood. These may include limiting charcoal
and fuelwood production to certain wood species or more importantly pelletizing the wood shavings
and the residues into a more compact and durable form. To succeed in the aforementioned steps, it
is pertinent to study the properties of the wood species conventionally used as fuelwood and charcoal
to recommend the most efficient and cleaner option.

A couple of studies conducted on the characterization of selected wood species in Africa are
presented in Table 1. This ranges from the study of [15] in Nigeria where species predominantly
found in the South-Western part of Nigeria were characterized. Others include the study of [16] in
Uganda, [17] in Senegal, [18] in Botswana, and [19] in Ghana among others. Most of the analyzed
properties (calorific value, ash content, Nitrogen, and Sulfur content) of the wood species conform
with the International Organization for Standardization ISO 17225-2, European Norm (ENplus) as
set by the European Pellet Council, the German Institute for Standardization (DIN 51731/ DINplus)
and the Austrian standard (ONORM M7135) for wood pellets. Although some of the reported studies
did not consider toxic gases such as N and S, Afr. Mesquite, one of the species studied by [20] in South
Africa was found to have its properties within the acceptable limits of ENplus, DIN 51731/ DINplus,
ONORM M7135, and ISO 17225-2. However, in the same study, Jacaranda species, despite having
good calorific value, and acceptable Nitrogen (N) and sulfur (S) levels, the ash content was found to
be above the required limits. A similar scenario was observed in the study of [15] for M. excelsa
species, where a high calorific value was recorded but with ash content above the acceptable limit.
This suggests that when selecting fuel woods by species, calorific value alone is not sufficient to
determine the best species [19].

Table 1. A review of selected wood species in Africa and their conformity with international wood

pellet standards.

Specie Country AC vM Fc cv N 5 Ref.
(%db) (%db) (%db) MJkg (%) (%)

M. excelsa Nigeria 4.62 82.41 3.97 20.20 - - [15]
M. altissima Nigeria 2.01 80.93 4.06 21.50 - - [15]
D. cinerea Uganda 0.60 62.49 20.34 16.71 - - [16]
C. molle Uganda 1.15 63.93 17.30 15.61 - - [16]
Senegal wood  Senegal - - - 17.27 - - [17]
Acacia tortilis Botswana 3.90 76.51 19.59 17.27 1.23 - [18]
Pine Zimbabwe 0.83 79.16 20.00 17.57  0.039 - [18]
Jacaranda S. Africa 2.21 57.91 30.76 18.43 0.18 0 [20]
Afr. mesquite  S. Africa 0.10 43.29 47.11 20.72  0.26 0.01 [20]
C. pentandra Ghana 4.72 82.43 - 20.33 0.48 0.05 [19]
T. scleroxylon Ghana 2.01 80.97 - 21.60 0.56 0.09 [19]
O. africana Ethiopia 0.994 70.710  22.388 - - - [21]
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A.nilotica  Ethiopia 1971 71495  19.503 - - - [21]
ENplus Al <0.7 - - >1656 <03 <0.04 [22]
ENplus A2 <1.2 - - - <05 <005  [22]
ENplus B <2.0 - - - <1.0 <0.05 [22]

>17.5 -

DIN 51731/ DINplus <15 - - 1 2 <03 <0.08 [23]
ONORM M7135 <05 - - >18 <03 <0.04 [23]
1SO 17225-2 0.7-2.0 - - >1656 <03 <0.05 [24]

Although several studies have been carried out on wood characterization, there is no adequate
explanation of how specie types affect charcoal or fuelwood production, performance, and
sustainability. The knowledge of this is imperative as users of charcoal and fuelwood are increasing
rapidly. Thus, the findings in this study would serve as a guide in wood selection as it reports the
most efficient and those with the best potential to be pelleted to augment the rapid deterioration of
forests for fuelwood and charcoal production. Similarly, analyzing the wood’s proximate parameters
with and without bark is an aspect that validates the influence of wood bark during combustion. This
is equally missing in previous studies. Another novelty of this study is that it assessed the conformity
of selected wood species from other African countries and those of this study with international wood
pellet standards. Thus, the objective of this study is to evaluate the selected physical and
thermochemical properties of some wood species used in fuelwood and charcoal production in
Nigeria to determine the best in terms of fuel-related properties, and the best in terms of compliance
with ENplus, DIN 51731/ DINplus, ONORM M7135 and ISO 17225-2 standards.

2. Materials and Methods

2.1. Sample Collection and Preparation

About 20 species were broadly identified. However, only the nine (9) most commonly used
species in fuelwood and charcoal production in Kaduna State Nigeria, were selected for this study.
The samples were collected from the Savannah Forestry Research Institute of Nigeria, Zaria Kaduna
State (latitude 11°10" N and longitude 7°37" E). Out of the nine (9) species collected, four (4) are mainly
used in charcoal production, viz: Vitellaria paradoxa (shea), Mangifera indica (mango), Anogeissus
leiocarpa (marke), Tectona grandis (Teak), four (4) for fuelwood, viz: Eucalyptus spp (turare), Parkia
biglobosa (dorawa), Albizia lebbeck, Azadirachfa indica (neem) and one (1) for both, viz: Khaya senegalensis
(mahogany).

The samples were sundried for two days, shredded into smaller sizes, and heated for about 30
minutes at 105°C in an oven to remove the core layer moisture. The dried samples were manually
grounded with the aid of a mortar and pestle. The ground samples were further sieved through a 1
mm mesh size for characterization. The overall study flowchart is presented in Figure 1.
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Figure 1. Study flowchart.

2.2. Sample Characterization

The samples were characterized based on physical (moisture content, volume, and density) and
thermochemical properties (calorific value, proximate, and ultimate parameters).

2.2.1. Physical Properties

Three parameters, viz: moisture content, volume, and density were determined. The moisture
content was determined following the method described in [25]. Because the samples are irregularly
shaped samples, the volume and density were determined using the water displacement method.
The weight of the samples was taken using a digital scale balance (Model: OPH-T3001) with an
accuracy of 0.1g. The individual volume was obtained as the difference in volume after immersing
each sample into a 500 ml volume of water in a transparent cylinder. Hence, the density was
computed as the ratio of the mass and volume.

2.2.2. Thermochemical Properties

Gross Calorific Value (GHV) and Net Calorific Value (NHV)

The calorific value is the content of energy contained in the wood materials per unit mass
(MJ/kg). Thus, the higher the calorific value the better the wood species when used as fuel. The gross
calorific value was determined using a bomb calorimeter (Model: 6100, Parr Instrument Company,
USA) following the method described in [26]. The value indicates the energy content of the samples
per unit mass (cal/g) [27]. Thus, the higher the value, the better the thermal performance of the wood
species.

The net calorific value was estimated from the gross calorific value (GHV) using Equation 1, as
given by [28]

NHV = (1 - MC) [GHV ,1( )+ (0. 09H)] (1)

do0i:10.20944/preprints202404.0016.v1
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where MC is the moisture content of the wood sample on a wet basis (decimal), H is the hydrogen
concentration, percent by weight dry basis, and A is the latent energy of vaporization of water
(MJ/kg) (2.26M]/kg).

Proximate Analysis

Proximate analysis was performed to determine the content of volatile matter, ash content, and
fixed carbon contained in the wood samples. Unlike the physical analysis, the proximate analysis was
analyzed with bark (WB) and without bark (WoB). This is to figure out the differences between wood
samples in terms of ash content and volatile matter with and without bark.

Volatile Matter

The sample’s volatile matter was determined using the modified procedure described in [29] for
all sparking fuels. 1g of each sample was weighed into a crucible, covered with a lid, and gradually
heated to 650 °C for six minutes in a furnace (BIOB Muffle furnace). After which they were heated
further at 930 °C for another six minutes. The percentage of volatile matter in each sample was
determined with Equation 2 [19].

Percentage volatile matter (%) = AA%B X 100 (2)

where A is the weight of the oven-dried sample and B is the weight of the sample after heating in the
furnace

Ash Content

The ash content was estimated by heating 1g of the sample in a furnace (BIOB Muffle furnace)
for four hours, starting at room temperature to 500 °C in the first hour, and heating to 700 °C in the
second hour. After the first two hours, the sample was heated continuously at 700 °C for an additional
two hours as per [30]. The percentage ash content was determined using Equation 3 [19].

Ash content (%) = MML" x 100 (3)

oven—dry
where M, is the mass of the ash and M,ye,_gry, is the mass of the oven-dried sample.

Fixed Carbon

The fixed carbon (FC) was estimated by subtracting the value of the volatile matter (VM) and
ash content from 100% as given in Equation 4 [31]

% FC = [100 — (% Ash + % VM)] (4)

Ultimate Analysis

The ultimate analysis was restricted to carbon, nitrogen, sulfur, hydrogen, oxygen, and three
heavy metals (cadmium, lead, and arsenic). The nitrogen content was determined using the Micro-
Kjeldahl method, the sulfur content was determined using the aluminum block method, and the
heavy metals were determined through the perchloric acid digestion method. However, the content
of carbon, hydrogen, and oxygen were estimated from the result of proximate analysis with an
accuracy of +2% using Equations 5, 6, and 7 [32].

Carbon (%) = 0.635FC + 0.460VM — 0.095 AC (5)
Hydrogen (%) = 0.059FC + 0.060VM + 0.010AC (6)

Oxygen (%) = 0.340FC + 0.469VM - 0.023AC (7)
where, FC = Fixed Carbon, AC = Ash Matter, and VM = Volatile Matter
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2.3. Rating of the Properties of the Wood Species

To determine the most suitable species and vice versa, the samples were rated between 1 to 9,
with 1 indicating the best and 9 being the worst. The method employed in the rating was based on
the average scores of each tested property [19].

3. Results and Discussion

3.1. Physical Properties

The results of physical properties are presented in Table 2. The moisture content of the samples
ranges between 4.08% and 7%. This indicates that the samples were properly dried and within the
optimum range of moisture required for wood pellets as set by ENplus, DIN 51731/DINplus,
ONORM M7135, and ISO 17225-2. Having moisture levels above these limits may result in high char
reactivity which induces the content of ash and toxic emission during combustion.

Table 2. Physical Properties.

Sample MC % (wb) Density (kg/m?)
Tectona grandis 6 928.69
Mangifera indica 4 915.69
Khaya senegalensis 5 977.50
Parkia biglobosa 7 910.00
Anogeissus leiocarpus 4 930.77
Eucalyptus cam. 4 901.00
Vitellaria paradoxa 6 398.00
Albizia lebbeck 5.80 947.50
Azadirachta indica 4.08 674.75
ENplus A1, A2, B <10 > 600-750
DIN 51731 <12 1000-1400
DINplus <10 1120
ONORM M7135 <10 1120
1SO 17225-2 <10 > 600

The density ranges between 398.00 kg/m? for Vitellaria Paradoxa to 977.50 kg/m? for Khaya
Senegalensis. Although the obtained values are below the DIN 51731/DINplus and ONORM M7135
standards for wood pellets, all the samples except Vitellaria Paradoxa conform with the density
requirements of wood pellets for ENplus and ISO 17225-2. The variation in density by species shows
that they will react differently during combustion. This is because density significantly influences the
gasification process of fuels [33]. Similarly, the sample densities are consistent with the findings of
[21] (553 kg/m? to 914 kg/m?) for selected wood species in Ethiopia and higher than the findings
(409.22 kg/m3 to 764.11 kg/m3) of [19] for selected wood species in Ghana. However, the densities of
these species are below the density (1250.0 +26.2 kg/m?) of grenadilla, a wood species common in the
tropical part of Africa [34].

3.2. Thermochemical Properties

The results of thermochemical properties are presented in Tables 3-5.
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Table 3. Calorific value.

Albizi
Tecton Khaya Parkia Amnogeiss Vitellari
Mangifer ya  ~ gersst Eucalyptu g a  Azadiracht
Sample a . o7 senegalensi biglobos s ..
. aindica . s cam. lebbec a indica
grandis S a leiocarpus paradoxa X

GHV

(MJ/kg 1092  15.25 18.85 18.42 17.35 18.80 14.16  14.33 11.57
)

NHV

(MJ/kg 10.61 14.96 18.26 17.42 17.06 18.44 13.62 13.84 11.49
)

ENplus “;‘31’ A2and NHYV > 16.56 MJ/kg
DIN 51731/ DIN >17.5-19.5 MJ/kg
plus
ONORM M7135 > 18 MJ/kg
ISO 17225-2 NHV >16.56 M]/kg
Table 4. Proximate analysis.
Sample AC (% db) VM (% db) FC (% db)
Vitellaria paradoxa (WoB) 6.5 78.19 15.31
Vitellaria paradoxa (WB) 15.4 81.09 3.51
Mangifera indica (WoB) 21.3 73.98 4.72
Mangifera indica (WB) 24.4 65.94 9.66
Albizia lebbeck (WoB) 2.9 80.46 16.64
Albizia lebbeck (WB) 7.4 79.35 13.25
Azadirachta indica (WoB) 2.1 79.27 18.63
Azadirachta indica (WB) 6 84.76 9.24
Anogeissus leiocarpus (WoB) 3.4 78.74 17.86
Anogeissus leiocarpus (WB) 4.6 87.77 7.63
Khaya senegalensis (WoB) 9.5 75.24 15.26
Khaya senegalensis (WB) 10.8 79.49 9.71
Eucalyptus cam. (WoB) 53 78.31 16.39
Eucalyptus cam. (WB) 9.3 82.66 8.04
Tectona grandis (WoB) 3.3 81.16 15.54
Tectona grandis (WB) 6 86.85 7.15
Parkia biglobosa (WoB) 7.4 85.99 6.61
Parkia biglobosa (WB) 13.2 74.91 11.89
ENplus A1 <07 - -
ENplus A2 <12 - -
ENplus B <2.0 - -
DIN 51731/DINplus <15 - -
ONORM M7135 <05 - -
ISO 17225-2 0.7-2.0 - -
Table 5. Ultimate analysis.
C N S H o
SAMPLE (%) (%) (%) (%) (%)
Anogeissus leiocarpus 44.78 1.82 0.0115 5.76 43.65
Parkia biglobosa 40.75 2.38 0.0108 5.33 38.87

Tectona grandis 43.92 1.54 0.0124 5.69 43.03
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Eucalyptus camaldulensis 42.25 2.24 0.0089 5.53 41.29

Khaya senegalensis 41.70 2.66 0.0031 5.45 40.33

Albizia lebbeck 4421 3.78 0.0034 5.62 41.55

Mangifera indica 34.15 1.68 0.0088 4.77 33.65

Vitellaria paradoxa 38.07 1.82 0.0070 523 38.87

Azadirachta indica 44.29 2.52 0.0104 5.69 42.76
ENplus A1 - <03 <0.04 - -
ENplus A2 - <05 <0.05 - -
ENplus B - <1.0 <0.05 - -
DIN 51731/ DINplus - <03 <0.08 - -
ONORM M7135 - <03 <0.04 - -
1SO 17225-2 - <0.3 <0.05 - -

3.2.1. Calorific Value

Table 3 shows the result of the calorific value of the samples. The gross calorific value of the
samples is between 10.92 MJ/kg for Tectona grandis and 18.85 M]/kg for Khaya senegalensis. While the
net calorific value is between 10.61 M]/kg for Tectona Grandis and 18.44 M]/kg for Eucalyptus cam. The
net calorific values recorded in Khaya senegalensis, Parkia biglobosa, Anogeissus leiocarpus, and
Eucalyptus cam. are in agreement with ENplus and ISO 17225-2 standards. Similarly, the
aforementioned samples, except Anogeissus leiocarpus also conform with DIN 51731/ DIN plus and
ONORM M7135 requirements for wood pellets. Species with higher calorific values were observed
to have higher fixed carbon. Thus, the fixed carbon content of biomass directly influences the calorific
value [16]. The values obtained are consistent with the calorific values of some native wood species
in Africa [16-18]. While moisture content significantly influences the energy content of fuels [35], this
fact is not consistent with all the samples in this study possibly due to the moisture loss during
pretreatment.

3.2.2. Proximate Analysis

The results of the proximate analysis are presented in Table 4. The ash content, volatile matter,
and fixed carbon range between 4.6% - 24.4%, 65.94% - 87.77%, and 3.51% - 13.25% for samples
analyzed with bark and 2.1% -21.3%, 73.98% - 85.99%, and 4.72% - 18.63% for samples analyzed
without bark.

The ash content was observed to vary with the presence of wood bark as samples without bark
depict lower ash levels compared with those with bark (Figure 2). This shows that irrespective of the
wood species, ash content increases with an increase in the quantity of bark. Moreover, because the
content of ash depicts the slagging nature of the wood during combustion, the lower the ash content,
the better the heating value [36]. Overall, an ash content of less than 4% is generally preferred as it
reduces slagging potential [37]. However, when the woods have been carbonized into charcoal, an
ash content of up to 8% is acceptable [38]. Overall, Azadirachta indica, Albizia lebbeck, Tectona grandis,
and Anogeissus leiocarpus, all without bark yielded the best ash contents of 2.1%, 2.9%, 3.3%, and 3.4%
respectively.

do0i:10.20944/preprints202404.0016.v1
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Figure 2. Variation of ash content in the nine wood species with and without bark.

However, in the case of volatile matter, all the species except Mangifera Indica, Albizia lebbeck, and
Parkia biglobosa depict higher values of volatile matter in samples with bark. Higher volatile matter
shows the fuel ignitability and combustion potential [16]. On the contrary, all samples without bark

except Mangifera indica and Parkia biglobosa depict higher values of fixed carbon. Thus, since volatile

matter is a measure of the quantity of fuel that combusts into gas when subjected to a temperature
of 400°C to 500°C or more [39], and fixed carbon is the remnant of combustible fuel after the volatile
matter, moisture, and ash content have been removed [40], it implies that fixed carbon is more
essential in fuels. Thus, wood species without bark having presented higher fixed carbon values in
most of the samples are perceived to be more efficient than samples with bark.

In terms of conformity with the ash content limit of the wood pellets standards, only Azadirachta
indica (WoB) is at par with the ENplus B and ISO 17225-2 standards, as none of the samples meets
ENplus Al and A2, DIN 51731/DINplus, and Austria ONORM M7135 standards. With this, the use
of blends and additives becomes imperative to reduce the ash contents.

Table 5 shows the results of the ultimate analysis. Here, major elemental constituents like carbon,
oxygen, and hydrogen are higher in Anogeissus leiocarpus (44.78%, 43.65%, and 5.76%), Azadirachta
indica (44.29%, 42.76% and 5.69%), Albizia lebbeck (44.21%, 41.55%, and 5.62%) and Tectona grandis
(43.92%, 43.03%, and 5.69%). This shows that the mentioned samples will have better combustion
efficiency when used as fuel. On the other hand, minor constituents such as Nitrogen and Sulfur are
measures depicting the extent of nitrogen and sulfuric-based emissions during combustion. Thus, the
lower their percentages the cleaner the wood specie when combusted. Overall, the values of sulfur
recorded (0.0031% - 0.0115%) in all the samples are in agreement with the ENplus, DIN
51731/DINplus, Austria ONORM M7135, and ISO 17225-2 standards. However, none of the samples
meets the aforementioned standards in the case of nitrogen, where the contents are required to be <
03to<1.

Figures 3-5 shows the result of heavy metals in the wood samples. Heavy metals in fuels
significantly affect human health and the environment [19]. Hence, the content must be considerably
low and in conformity with the set limits to make the species safe for use as fuel. Figure 3 shows the
content of arsenic in the nine wood species. The values obtained are between 0.204 mg/kg for
Anogeissus leiocarpus and 0.845 mg/kg for Vitellaria paradoxa. The values recorded meet the limit of
ENplus and ISO 17225-2 (< 1 mg/kg).
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As (Mg/kg)
Parkia biglobosa
Tectona grandis
Eucalyptus cam.
Khaya senegalensis
Anogeissus leiocarpus
Azadirachta indica
Albizia lebbeck
Mangifera indica

Vitellaria paradoxa

0.2 0.4 0.6 0.8 1

o

Figure 3. The content of arsenic in the wood species.

Cd (Mg/kg)
Parkia biglobosa
Tectona grandis
Eucalyptus cam.
Khaya senegalensis
Anogeissus leiocarpus
Azadirachta indica
Albizia lebbeck
Mangifera indica

Vitellaria paradoxa

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007

Figure 4. Content of cadmium in the wood species.
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Pb (Mg/kg)
Parkia biglobosa
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Figure 5. Content of lead in the wood species.

Figure 4 shows the content of cadmium in the samples. The values recorded are between 0.001
mg/kg for Parkia biglobosa, Azadirachta indica, and Vitellaria paradoxa to 0.006 mg/kg for Mangifera indica
and Eucalyptus cam. Overall, the content of Cd in all the samples conforms with the ENplus and ISO
17225-2 standards (< 0.5 mg/kg).

Figure 5 shows the content of lead obtained in the wood samples. The values obtained are
between 0.026 mg/kg for Parkia biglobosa and 0.214 mg/kg for Mangifera indica. All the samples
conform with the ENplus and ISO 17225-2 standards (< 10 mg/kg).

3.3. Rating of the Properties of the Wood Species

The rating of the evaluated fuel properties for the nine wood species is presented in Table 6. The
species were rated between 1 to 9, with 1 indicating the best and 9 being the worst. The overall rating
was defined as the average rating of the properties of each wood species [19]. Based on the result,
Anogeissus leiocarpus revealed the best fuel properties with an average rating score of 3, while Vitellaria
paradoxa on the other hand revealed the worst properties with an average rating score of 6.38.

Table 6. Rating of the physical and thermochemical properties of the wood species.

Species

Tectona Mangifera  Khaya Parkia  Anogeissus Eucalyptus Vitellaria Albizia Azadirachta
Property grandis indica senegalensis biglobosa leiocarpus  cam.  paradoxa lebbeck
Density

Ccv
Ash
VM
EC
Carbon
Nitrogen
Sulfur
Hydrogen
Oxygen

indica
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As 2 G 3 1 + s 5
cd 2 4 3 1 2 4 1 3 1
o 2 [N ¢ 1 BeENTs T 7 s e
Average 3.85 6.1 4.38 4.77 3 462 638 415 454

Note*: CV = calorific value, VM = volatile matter, FC = fixed carbon.

However, in terms of conformity with the four wood pellets standards, Khaya senegalensis, Parkia
biglobosa and Anogeissus leiocarpus having presented moisture content, density, calorific value, sulfur
content, arsenic, cadmium, and lead within the set limits of ENplus, DIN 51731/DINplus, ONORM
M7135 and ISO 17225-2 are therefore considered the best wood species.

3.4. Improving the Properties of Non-Suitable Wood Species

As discovered in previous sections, some wood species were found to be more suitable as fuel
than others. Thus, this study is not oblivious to the fact that in certain environments the non-suitable
species might be the only woods available or probably the more sustainable. In these cases, the use
of additives, blends, and combinations of two or more species to augment the low properties is
recommended. This is more typical if the wood residues or shavings are to be pelleted. Here, biomass
residues such as groundnut shells, sawdust, or leaf litter waste may be used as blends to enhance the
physical and thermal properties of the pellets [41]. Similarly, bio-additives such as alkali lignin,
glycerol, and L-proline can also be used [42]. Chemical additives such as Adenylate kinase 2 (AK2)
[43], crude glycerin, and paraffin also showed good results in wood pellet production [44]. Other
additives reported in the literature include lignosulphonate, dolomite, starches, potato flour and peel,
and some lubricating and vegetable oils [45]. These additives have excellent thermal properties that
when mixed with non-suitable biomass or wood species tend to reduce the ash fusion and improve
the calorific values. However, a careful selection of the type of additive and the use of the appropriate
biomass is imperative in attaining wood pellets with desired physical and thermal characteristics
[45]. For example, the addition of AK2 as an additive in pelleting barley and oat straw was observed
to improve density and durability but increased the level of ash [43].

In the case of combining or co-pelleting two or more species, it is equally important to check
both properties carefully to ensure the resulting mixture yields an improved output. For example, a
biomass with very low ash content may be mixed with another with high ash content to reduce the
resulting ash content of the mixture [41]. A 0.5% content of motor oil and vegetable oil was observed
to have increased calorific value, while a 0.5% content of wheat starch as an additive significantly
reduced ash formation by 200% [45]. Similarly, the addition of 20 wt% sawdust or 20% groundnut
shell reduces ash content between 8.6 % and 10.44 % [41].

If the following recommendations as sourced from previous findings are applied, the properties
of some unsuitable species could be improved and meet the designated standards

(a) Using 5% lignin and 10% proline additives was found to improve density significantly, reduce
ash content (AC) by 0.04 %, and increase gross calorific value GHV by 0.2 M]/kg [46].

(b) The calorific values may be improved using lignin additives. Based on this, the original content
of lignin in the species can be added to the percentage of additives to obtain the total lignin (L).
Thus, the gross calorific value (GHV) can be determined from Equation 9 [47].

GHV (M]/kg) = 0.0893 L + 16.9742 (9)

Since the lignin content of the samples was not determined. Values from previous studies were
considered. The lignin content of Vitellaria paradoxa is about 35.7 + 0.2 % [48], 23.75% for Magnifera
indica [49], 25.67% for Albizia lebbeck [50], 13.58% for Azadirachta indica [51], 35.4% for Tectona grandis
[52]. Following this, the five (5) species with calorific values below the standard minimum can be
improved by adding 5% content of lignin as an additive and recomputing the calorific value
following Equation 9 (Table 7).
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Table 7. Improved calorific value of species with low calorific values .

GHV Improved
Sample L(%) L+ 5%A (MJ/kg) GH\f (MJ/kg)
Vitellaria paradoxa 35.7 40.7 14.16 20.61
Magnifera indica 23.75 28.75 15.25 19.54
Albizia lebbeck 25.67 30.67 14.33 19.71
Azadirachta indica 13.58 18.58 11.57 18.63
Tectona grandis 35.4 40.4 14.16 20.58

*Note: L = lignin, A = additive.

Similarly, the ash contents and gaseous emissions of the samples would be drastically reduced
if the wood barks were shaved out before pelleting or direct use as fuel. This is more peculiar to
Albizia lebbeck (WoB) and Azadirachta indica (WoB) which recorded lower ash contents of 2.9 % and
2.1 %, respectively.

If the above assertions are followed, Tectona grandis, Albizia lebbeck, and Azadirachta indica having
their calorific values improved to the standard limit and other parameters (density, sulfur, arsenic,
cadmium, and lead) within the limit of ENplus, DIN 51731/DINplus, ONORM M7135 and ISO 17225-
2 would equally be suitable for use as fuel.

3.5. Research Limitations, Practical Implications, and Future Perspectives

While the study has assessed the suitability of the wood species as fuel based on their physical
and thermochemical properties, this paper has not practically assessed the use of blends and
additives to determine the improvement in ash content and calorific values. Thus, only a theoretical
approach was used to predict the improvement. In this vein, future research could evaluate the effect
of various blends and additives on species particularly found unsuitable in this study to track the
improvement and compare the outputs with the theoretical method as a way of validation. Although
the samples were pretreated before characterization, there was no measure employed in this study
to eliminate contaminants embedded in the samples. This might have influenced the output of the
experiments, especially the ash and Nitrogen content. Future research could include the removal of
toxic contaminants to simulate the actual properties of the species.

4. Conclusions

Selected physical and thermochemical properties of nine wood species used in charcoal and
fuelwood production in Nigeria were evaluated. This was to assess their suitability as fuel and their
pelleting potential based on four wood pellet standards. To determine the influence of wood bark on
thermal performance. The proximate analysis was carried out on the samples with bark and without
bark to assess their variation in combustion parameters. Overall, it can be inferred from the study
that wood species without bark presented lower ash content and higher fixed carbon values. Thus,
they have better thermal performance compared with samples with bark.

In terms of suitability as fuel based on the physical and thermal properties, the findings showed
Anogeissus leiocarpus to contain the best fuel properties. However, in terms of conformity with the
four wood pellets standards, Khaya senegalensis, Parkia biglobosa, and Amnogeissus leiocarpus having
presented moisture content, density, calorific value, sulfur content, arsenic, cadmium, and lead
within the set limits of ENplus, DIN 51731/DINplus, ONORM M7135 and ISO 17225-2 are therefore
considered the best wood species with the highest pelleting potential. Thus, this finding further
revealed that not all wood species are suitable as fuel. Therefore, it is important to set policies that
would curtail the indiscriminate cutting of trees for fuel to help mitigate climate change and improve
energy efficiency. However, in environments where the non-suitable species are the dominant or
available woods, the use of biomass blends or additives could be employed to adapt the quality to
the ISO commercialization standards. In the same context, the use of improved cookstoves is another
measure to minimize fuel use and toxic gas emissions during combustion.
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