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Abstract: Major objectives of this study were to produce low-emitting wood pellet biofuel from
selected agro-forest tree species, i.e., Kikar (Acacia nilotica), Oak (Quercus semicarpifolia), and Mesquite
(Prosopis juliflora), grown in the southern part of the Khyber Pakhtunkhwa (KP) province of Pakistan
using indigenously developed technology (pelletizer machine). Primary raw material, such as
sawdust of the selected agro-forest tree species, was obtained from sawmills located in southern
part of KP. Life cycle inventory (LCI) was sourced for entire production chain of the wood pellet
biofuel by measuring quantities of various inputs consumed and output produced. In addition,
the wood pellets were characterized to examine diameter, length, moisture content, ash content,
bulk density, high heating value (HHV), low heating value (LHV), as well as nitrogen and sulphur
contents. A comprehensive life cycle assessment was performed for wood pellet biofuel production
chain using SimaPro v9.1 software. A functional unit of one (01) kilogram (kg) wood pellet biofuel was
applied following a gate-to-gate approach. The results of the present study were in accordance with the
recommended Italian standard CTI-R 04/5 except for pellet bulk density and nitrogen content. The bulk
density for all wood pellets, manufactured from the saw dust of three different agro-forest tree species,
were lower than the recommended Italian standard, while for nitrogen content, the results were higher
than the recommended Italian standard. Among the environmental impacts, Kikar (Acacia nilotica) wood
pellets were the major contributor to fossil fuel depletion, followed by ecotoxicity, mineral depletion
and acidification/eutrophication. This was primarily due to lubricating oil and urea-formaldehyde (UF)
resin used as inputs in the wood pellets biofuel manufacture. Likewise, human health and ecosystem
quality was also affected by lubricating oil, UF resin, and saw dust, respectively. In cumulative exergy
demand of 1 kg wood pellets biofuel, the highest impact was from Kikar wood pellets for non-renewable
fossils, mainly due to lubricating oil used. Difference in environmental impacts, damage assessment, and
exergy were examined in three different scenarios for major hotspot inputs by reducing 20% lubricating
oil in case 1, 20% UF resin in case 2, and without usage of UF resin in case 3, while marked reduction
was observed in ecotoxicity, fossil fuel, and mineral depletion, as well as acidification/eutrophication
impact category. Moreover, a pronounced reduction was also noted in the non-renewable fossil fuel
category of cumulative exergy demand of one kg of wood pellets biofuel produced.
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1. Introduction

The demand for fossil fuel resources is a vital problem for future generations [1].
Increase in population results in a rise of the universal atmospheric pollution, due to the
emissions from the consumption of fossil fuels [2]. It is projected that 80–85 percent of
the world’s energy usage is attained directly from fossil fuels [1]. Many countries have a
high use of fossil fuels and a low share of renewable energy. Sweden and Iceland, which
had little fossil fuel usage and a remarkable proportion of renewables, as well as Norway,
which had high shares for both variables, were exceptions [3]. As the primary source of
energy for most nations, the use of fossil fuels has resulted in many negative environmental
effects, such as air pollution and global warming. Air pollution leads to many health issues,
leading to negative social and economic results [4].

Furthermore, fossil fuels will eventually be depleted because they are limited in
supply [5]. It is estimated that only about 14 percent of oil-proven reserves, 72 percent of
coal-proven reserves, and 18 percent of gas-proven reserves will remain by 2050. Given
the small reserves of fossil fuels, they would easily vanish if they need to use them [4].
Therefore, it is important to aim at reducing the rate of energy consumption and the
use of fossil fuels, while also reducing the environmental impact associated with use of
petrochemicals [5]. Reducing greenhouse gas emissions in this area will be demanding,
albeit urgent, to achieve the goals. Due to the long-term use of petrochemicals, biomass
was used as a secondary energy source for decades and has a negligible contribution to
the production of primary energy [6]. In order to produce electricity and domestic heating,
biomass is used for modern energy. It is used in countries such as Denmark, Sweden,
and Finland [7]. Biomass is one of the renewable energy sources with tremendous growth
potential in the coming years, and it is considered one of the key choices [8]. Biomass
is consumed for heating, electricity generation, cooking, and fuels for transport, thus
having environmental benefits [9]. As biomass grows by photosynthesis reactions, biomass
matter can be considered to be neutral with respect to CO2 emissions [10,11]. Due to
the photosynthetic nature of wood, it has low levels of nitrogen and sulphur, producing
low NOx and SO2 emissions [12]. The low amounts of particulate matter, CxHy, and CO,
helps to prevent the photochemistry of the atmosphere from being affected [13]. Biomass
and biological wastes are an independent resource of power, partly avoiding reliance
on international energy sources, enhancing the trade balance of a nation and economic
sustainability [14]. Wood processing units produce a large quantity of waste that has no
additional use, making biomass commercially competitive with fossil fuels as an energy
source [6]. Socially, the production of biomass and energy crops promotes job growth,
prevents rural depopulation, and promotes local agriculture and forestry. The effect on
food production and forests can be reduced in this way [15].

In the near future, pellets manufacturing industry will be one of the fastest growing
sectors, as compared to other types of bioenergy resources [16]. More than 800 factories
produced about 2 million metric tons (Mt) in 2000 to some 55.7 million metric tons of wood
pellets globally in 2018 [17]. In the past ten years, the annual output of biomass pellet
fuel has risen by 20% [18], mainly due to increase in demand for bioenergy resources [19].
Industrial Wood Pellet market is projected to grow from USD 4.33 billion in 2020 to USD
7.69 billion in 2027 at a CAGR of 8.56% in the 2020–2027 period. The wood pellet market
was valued at US $9630.99 million in 2020 and is projected to reach US $23,892.77 million
by 2028; it is expected to grow at a current annual growth rate (CAGR) of 12.1% from 2021
to 2028 [19]. The main manufacturers of the biomass pellets are the European Union (49%),
the United States (22%), Russia (3%), Canada (10%), and Vietnam (5%). In Europe, the
European union’s 2020 policy for renewable energy and the reduction in greenhouse gas
(GHG) emissions are one of the foremost driving forces for the large consumption of wood
pellets [20]. The export and production of wood pellets from the southeast of the USA has
doubled since 2011 [21,22] the area has become one of the main global suppliers of wood
pellets to the European union [23], largely due to EU demand [24]. Wood Pellets (WP) is a
renewable energy product that has gained popularity all over the world as a biofuel [25].
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In addition, wood pellets can be acquired from various kinds of raw materials, such as
biomass residues in agricultural or industrial processes, forestry thinning, and specialized
crops [26]. In Pakistan, mostly, forest trees are harvested for firewood use, which leads
to massive deforestation and ecosystem degradation. About 75% of the households have
used round wood as a principal fuel for cooking, 14% for water heating, and 11% for room
heating in Pakistan. Wood consumption, in the form of firewood for domestic and industrial
energy purpose, is going to increase with the increase in population and industrialization
in Pakistan. Therefore, it is a dire need to develop low-emitting, sustainable, cost effective,
eco-efficient, and energy-rich pellet biofuel in Pakistan to decrease the environmental
and economic burdens on forest resources degradation in Pakistan. In Pakistan, no such
study had been conducted on wood pellets biomass until/since now. The fossil fuel
resources in Pakistan are extremely costly, expensive, and they have negative impacts on
our air, water, and soil, causing ozone layer depletion, having global warming potential,
eutrophication, and causing of climate change. Thus, it is a dire need to use alternative
biomass wood pellets by replacing fossil fuels. Therefore, the objectives of this study
were to produce low-emitting wood pellet biofuel prototypes from selected agro-forest
trees species (Acacia nilotica, Quercus semicarpifolia, and Prosopis juliflora) of the southern
Khyber Pakhtunkhwa province of Pakistan using indigenously developed technology, i.e.,
pelletizer machine. Similarly, characterization was performed to assess properties of the
developed wood pellets biofuel. In addition, scenario analysis was also performed for the
identification of clean and green options using the life cycle assessment approach.

2. Materials and Methods
2.1. Study Area

Khyber Pakhtunkhwa Province (KP) is located between 34◦1′33.3012′′ north longitude
and 71◦33′36.4860′′ east latitude, with an area of 128,961 square kilometers. The weather
situations in mountainous and lowland areas are different. The mean annual rainfall is
between 600 and 1450 mm. Therefore, huge changes in regional hydrological conditions,
altitude, and climatic factors have created a variety of biodiversity (both flora and fauna)
in different places of this province [27]. The research was conducted in Dera Ismail Khan
(D.I. Khan) district and South Waziristan tribal district in the southern part of KP, Pakistan [28].

2.2. Goal and Scope Definition

The aim of this study was to produce, characterize and then conduct a comprehensive
LCA to find the environmental hotspot throughout the manufacturing process. Further-
more, this work suggests some environmental improvement potentials by considering
different scenarios for required energy of the plant [29–31]. This can be broadly defined as
‘compare the environmental impacts of the wood pellets bioenergy chain and identified
which component processes contribute most to the overall impact score in each case’ [29].
Functional unit was 1 kg wood pellets production from Mesquite, Kikar, and Oak saw
dust. It is a measure of the function of wood pellets, and it provides a reference to which
the inputs and outputs can be related or referred. The study was gate to gate life cycle
assessment. System boundary describes which activity should be included or excluded.

2.2.1. Data Collection

The present study was conducted on wood pellets biofuel manufactured through a
pelletizer machine, which was developed indigenously by local electrical engineer in Gujjar
Ghari market, Mardan city, Pakistan. The indigenously developed pelletizer machine is
comprised of ring die with two roller pulleys, which are connected with a 02-horsepower
electric motor through a belt to compress and densify the sawdust mixture into wood
pellets biofuel, with a size around 8 mm dimeter and 45 mm length, as can be seen in
(Scheme 1). The underlying working principle of this pelletizer machine is that sawdust
mixture is added through the hopper to the pelletization chamber where pellet mill die
and rollers are installed. In the pelletization chamber, the rollers compressed the raw
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material in the die holes under high pressure (2–3 pa) and transformed it into cylindrical
compact pellets biofuel. The manufactured pellets are poured down through the outlet
of the pelletizer machine into the cooling trays. The pellets are then cooled and dried for
around 1–2 h in open environment, and after proper drying, it is suitable for burning in
stoves at household level and kilns and furnaces at industrial level.

Scheme 1. Diagram of indigenously developed pelletizer machine in KP, Pakistan.

The primary data about sawdust and tree species were collected for wood pellets
manufacturing in the study area by visiting different sites such as wood sellers, carpenters’
shops, and saw mills. The saw dust was collected and brought to the University of Haripur
for pellets production. Saw dust of three hardwood species were selected; Acacia nilotica
(Kikar), Quercus semicarpifolia (Oak) and Prosopis juliflora (Mesquite). Life cycle assessment
(LCA) was done for wood pellets. LCA is the compilation and evaluation of inputs, outputs,
and associated environmental impacts and burdens caused by a system through its different
stages of life cycle [32]. LCA studies the potential environmental impacts throughout the
products or system’s life from raw material acquisition through production, use, and
disposal [33]. LCA is the holistic tool for finding environmental, economic, and social
performance of a product. There are four main stages in the LCA process: (i) goal and
scope definition, (ii) life cycle inventory (LCI), (iii) impact and improvement assessment,
and (iv) interpretation [34].

2.3. Life Cycle Inventory

LCI analysis involves data collection and calculation procedures to quantify relevant
inputs and outputs of a product system. The calculation procedures involve obtaining
relevant data for each inventory item, which, together, are compiled to produce the LCI
for the functional unit [34], as can be seen in Table 1. The comprehensive LCI data were
obtained from the inputs used in pellets production. Inputs and outputs of materials and
energy for each process were quantified. Data availability is one of the critical issues on
LCA, so very often, practitioners have to use proxy data. The main problem with the
proxies is that results will have huge uncertainty, and probability will not be representative.
The data should quantify the input and output of the product or services, and should be
represented well and completely referenced [35].
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Table 1. LCI for wood pellets biofuel, manufactured from different tree species.

Inputs Unit Mesquite Tree Kikar Tree Oak Tree

Saw dust use gram (g) 635 721 560
Bio-binder g 136 225 165

Glue (UF resin) use g 127 180 119
Water use Litre (L) 0.470 0.555 0.508

Lubricating oil use g 133 140 166
Electricity consumed (kilo-Watt-hour) kWh 0.0046 0.0043 0.005

Output

Wood pellet produced Kilogram (kg) 1 1 1

2.4. Life Cycle Impact Assessment

LCIA is when data or information is transformed into environmental impacts. The
environmental impacts of the wood pellets were evaluated using Eco-indicator 99 (E)
V2.10 baseline methodology, which is applied for analysis of environmental impacts in a
number of different impact categories. In the life cycle impact assessment (LCIA) stage,
an assessment is made of the potential human, ecological, and depletion effects of energy,
water, and material usage, as well as the environmental releases identified in the inventory.
The impact assessment is where the potential effects on the chosen environmental issues
are assessed [36].

2.5. Interpretation

The data is interpreted and illustrated in the last phase. Interpretation is the final stage
of the LCA, but it is crucial in assessing the study’s accuracy, uncertainty, limitations, and
whether the goal and scope is achieved.

2.6. Characterization of Wood Pellets Biofuel

Afterwards, the manufactured pellets were characterized by physical process. Char-
acterization was performed on an experimental basis; the process was repeated, and the
average value was taken.

2.6.1. Moisture

The moisture test was performed by using a laboratory oven and a precision balance
through standard (ASTM D1762). The moisture was also determined through moisture
tester. The moisture of the saw dust was within the limit, as mentioned in standards below
12% [37]. The moisture percentage was calculated through the following Equation (1);

Moisture, % = [ A − B/A ] × 100 (1)

where A = Air dried sample, B = Oven dried sample at 105 ± 1 ◦C.

2.6.2. Dimensions

The pellets were cylindrical in shape. In order to determine the dimensions, the
average size (length) and diameter were determined by randomly selecting 15 pellets and
measured with Vernier caliper and scale. Diameter was same for all pellets.

2.6.3. Bulk Density

Bulk density was determined by oven dry weight of the sample divided by the volume
of the sample, as shown in Equation (2). Volume of sample pellet was measured by caliper
and scale. The length was taken as average, and diameter was uniform for all pellets
because of same die ring.

ρ = wo/v (2)

ρ = Bulk Density (g/cm3), wo = Oven dry weight, v = volume of pellet.
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2.6.4. Ash Content

For the estimation of ash content, the empty porcelain crucibles were placed in an
oven at 105 ± 2 ◦C for a period of 45 min. The crucibles were placed in a desiccator for
cooling for about 45 min. After that, the oven dry samples were placed in porcelain crucible
for a period of about 25 min at a temperature of 575 ± 5 ◦C (TAPPI T211 om-85).

2.6.5. Heating Values

High heating value was obtained through Dulong’s formula [38], as shown in Equation (3);

HHV = 4.18 × (78.4 × C + 241.3 × H + 22.1 × S) (3)

Whereas, C = Carbon %, H = Hydrogen %, S = Sulphur %
While low heating value was obtained through Direct method [36];

LHV = 4.18 × (94.14 × C − 0.5501 − 52.14 × H) (4)

2.6.6. Elemental Analysis

The final analysis of the elements was carried out in the samples through SEM (Scan-
ning electron microscope JSM-IT100). Major elements, such as Carbon, Sulphur, and
Nitrogen, were investigated in the study.

3. Results and Discussions
3.1. Environmental Impacts Assessment of Pellets Biofuel

Environmental impacts for 1 kg wood pellets, manufactured from the sawdust of three
different species, were evaluated as shown in the Figure 1. Among the environmental
impacts, fossil fuel was the major contributor to the environmental impacts with the value of
(5.116 MJ surplus), followed by ecotoxicity (1.188 PAF.m2yr (Potential of Affected Fraction
of species, in terms of ecotoxicity, this is measured as the percentage of all species present
in the environment living under toxic stress)), mineral depletion (0.114 MJ surplus), and
acidification/eutrophication potential (0.073 PDF.m2yr (Potential of Disappeared Fraction
of plant species)). The major environmental impacts in fossil fuels and ecotoxicity were
caused due to Kikar wood pellets (1.87 MJ surplus, 0.48 PAF.m2yr) followed by Oak wood
pellets (1.72 MJ surplus, 0.361 PAF.m2yr) and lowest was in Mesquite wood pellets (1.52 MJ
surplus, 0.347 PAF.m2yr). Mineral depletion and Acidification/eutrophication potential was
highest in Kikar wood pellets, followed by Mesquite and Oak wood pellets, respectively, as
shown in the Figure 1 below. Mineral depletion and Acidification/eutrophication, compared
to fossil fuel and ecotoxicity, were negligible. Carcinogens and respiratory inorganics were
almost the same and negligible. They showed lower environmental impacts.

The highest impact on the environment came from fossil fuels 1.875 MJ surplus used
during wood pellets production from Kikar saw dust, as shown in Figure 2. The major
hotspot source for fossil fuel depletion was lubricating oil 0.875 MJ surplus followed by
UF resin 0.805 MJ surplus, Bio binder 0.165, and saw dust 0.0259 MJ surplus, respectively.
The major environmental impacts were caused by wood pellets produced from Mesquite
saw dust responsible for fossil fuel 1.526 MJ surplus, and the leading responsible factor for
fossil fuel was lubricating oil 0.831 MJ surplus, proceeded by UF resin 0.568, bio binder
0.099, and saw dust 0.0228 MJ surplus, respectively, as shown in Figure 3. Environmental
impacts caused by wood pellets produced from Oak saw dust were shown in Figure 4, which
showed that the hotspot source for environmental impacts caused by fossil fuels was 1.715 MJ
surplus. The most prominent factors responsible for fossil fuels depletion were lubricating oil,
UF resin, and bio-binder with values of 1.03, 0.532, and 0.1212 MJ surplus, respectively.
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Figure 1. Environmental impacts of wood pellets biofuel from different tree species.

Figure 2. Environmental impacts assessment of wood pellets biofuel from Kikar species.
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Figure 3. Environmental impacts assessment of wood pellets biofuel from Mesquite species.

Figure 4. Environmental impacts assessment of wood pellets biofuel from Oak tree species.

The second highest environmental impact category was ecotoxicity caused by wood
pellets from Kikar saw dust. The hotspot sources of ecotoxicity were caused due to UF
resin, Bio-binder, lubricating oil, and saw dust, as shown in the Figure 2. In Mesquite
wood pellets main hotspot sources for ecotoxicity were UF resin, lubricating oil, bio-binder,
and saw dust, respectively. The ecotoxicity caused due to wood pellets from Oak saw
dust was due to UF resin, lubricating oil, and bio-binder, with values, of 0.198, 0.077 and
0.074 PAF.m2yr, respectively, while the other two values were minor.
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Mineral depletion in Kikar wood pellets were caused due to UF resin, lubricating oil,
and bio-binder, respectively, while the other material such as saw dust, water, and elec-
tricity used for production had minor values, as shown in Figure 4. In Mesquite, mineral
depletion is due to UF resin and lubricating oil, while the other values were minor in the
same way as Kikar. UF resin, Bio-binder, and lubricating oil were the major contributors
in mineral depletion from wood pellets produced Oak saw dust. UF resin, bio-binder,
and lubricating oil were responsible for acidification potential in wood pellets produced
from Kikar saw dust. Here, UF resin and bio-binder had the same impact on acidifica-
tion potential, while being slightly higher than lubricating oil. The major contributors in
acidification/eutrophication were UF resin, Bio-binder, lubricating oil, and saw dust with
values of 0.009, 0.008, 0.003, and 0.001 PDF.m2yr, respectively, in wood pellets produced
from Mesquite saw dust. In Oak wood pellets, the acidification potential was maximum
due to bio-binder, lubricating oil, UF resin, lubricating oil, and saw dust, respectively, as
shown in the Figure 4. The other impacts, such as carcinogens, respiratory organics, respi-
ratory inorganics, climate change, and ozone layer were minor, with values of 9.47 × 10−7,
2.91 × 10−9, 1 × 10−6, 1.93 × 10−7, and 2.33 × 10−10 DALY, respectively, as compared to
the above impacts.

3.2. Damage Assessment of Pellets Biofuel

The aim of the analysis is to find out damage assessments used by different raw
materials during 1 kg pellets production. Figure 5 shows the combined damage assessment
to human health, ecosystem quality, and resources categorized by wood pellets produced
from Mesquite, Kikar, and Oak species. The highest damage was posed to resources
depletion with the contribution of (5.35 MJ surplus), followed by ecosystem quality and
human health, with values of (0.927 PAF.m2yr) and (5.35 × 10−6 DALY), respectively.

Figure 5. Damage assessment of wood pellets biofuel from different tree species.

Damage to human health was negligible in all the pellets produced from three different
species. Damages to ecosystem quality was highest in Kikar wood pellets (0.353 PAF.m2yr)
followed by Mesquite wood pellets (3.0 × 10−1 PAF.m2yr), while lowest in wood pellets
was produced from Oak saw dust (2.75 × 10−1 PAF.m2yr). The damage to resources was
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maximum in pellets produced from Kikar saw dust (1.92 MJ surplus) and Oak (1.75 MJ
surplus), while lowest was in Mesquite wood pellets (1.6 MJ surplus).

3.3. Single Score Damage Assessment

The damage to human health was very low from Kikar saw dust used during pellets
production. UF, bio-binder, and lubricating were the hotspot sources for human health
damage with values of 45.27, 33.70, and 15.86 (milli-point) mPt, respectively. Human health
was also disturbed very little from the saw dust used in the manufacturing of wood pellets
but UF resin, Bio-binder, and lubricating oil were the major factors for deterioration of
human health from Mesquite tree species. Once again UF resin, bio-binder and lubricating
oil were the major factors responsible for damage to human health with values of 29.93,
24.71, and 15.06 mPt, respectively. Wood pellets, manufactured form Oak saw dust as
shown in the Figure 6, had minor or negligible damage to human health. The damage of
wood pellets, produced from Kikar saw dust, on ecosystem quality was the highest impact
from saw dust, lagged by UF resin, bio-binder, lubricating oil, and electricity, respectively.
Figure 7 showed the damages created due to wood pellets from Mesquite tree species.
Saw dust, UF resin, lubricating oil, and bio-binder had the highest damages to ecosystem
quality, respectively, with values of 0.24, 0.033, 0.014, and 0.010 PAF.m2yr. Figure 8 showed
human health, ecosystem quality, and resources depleted due to pellets manufactured from
Oak tree saw dust. Ecosystem quality was depleted mostly due to saw dust, UF resin,
lubricating oil, bio-binder, and electricity, respectively. The ecosystem quality depleted
due to electricity was negligible. The damage was highest in resources depletion, which
was mainly due to burnt lubricating oil and UF resin, while the other factors (bio-binder,
saw dust, and electricity) had the least impact as compared to the former. In Mesquite
wood pellets, the lubricating oil, UF resin, and bio-binder had impacts on our resources,
while saw dust and electricity had very low impacts on resources. In Oak wood pellets, the
resources were depleted and disturbed mostly due to lubricating oil, UF resin, Bio-binder,
and saw dust, respectively, as shown in the Figure 8.

Figure 6. Single score damage assessment of wood pellets biofuel from Kikar tree species.
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Figure 7. Single score damage assessment of wood pellets biofuel from Mesquite tree species.

Figure 8. Single score damage assessment of wood pellets biofuel from Oak tree species.

3.4. Cumulative Exergy Demand of Pellet Biofuel

Cumulative exergy demand was calculated through SimaPro v.9.1 software with
inbuilt methodology of Eco-indicator 99 (E) V2.10 for 1 kg wood pellets for three different
tree species. In cumulative exergy, the highest impact was from Kikar saw dust wood pellets
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(37.19 MJ), followed by Oak wood pellets (31.99 MJ) and Mesquite wood pellets (29.41 MJ),
while the highest exergy was for non-renewable, fossil from wood pellets obtained from the
saw dust of Kikar, followed by Oak, and the lowest value was for Mesquite with the values
of 23.93, 21.99, and 19.51 MJ, respectively. Renewable biomass and exergy were highest for
wood pellets obtained from Kikar (10.859 MJ) saw dust, proceeded by Oak (8.226 MJ) and
Mesquite (8.202 MJ), respectively, as shown in Figure 9. Exergy for renewable water was
highest in Kikar wood pellets, followed by Mesquite and Oak wood pellets, respectively,
with values of (0.94), (0.62) and (0.59 MJ), respectively.

Figure 9. Cumulative exergy demand of wood pellets biofuel from different tree species.

3.5. Single Score Exergy

Single score exergy was calculated for 1 kg wood pellets biofuel through sima-pro
v9.1 software Eco-indicator 99 (E) V2.10 baseline methodology. The highest non-renewable
fossil exergy for Kikar wood pellets was from lubricating oil (11.351 MJ) followed by UF
resin (9.989), bio-binder (2.20), and saw dust (0.341 MJ), respectively (Figure 10). Non-
renewable fossil exergy from Mesquite wood pellets was highest for lubricating oil, UF
resin, bio-binder, and saw dust, with values of 10.784, 7.04, 1.33, and 0.30 MJ, respectively
(Figure 11). The exergy of wood pellets (Oak saw dust) for non-renewable fossil was highest
due to lubricating oil, followed by UF resin, bio-binder, and saw dust, as shown in the
Figure 12. Renewable biomass exergy, when observed in Kikar wood pellets, was highest
in saw dust (5.83 MJ), proceeded by bio-binder (4.856) and UF resin (0.131 MJ). Similarly,
renewable biomass, when observed in Mesquite wood pellets, showed that saw dust was
the highest contributor, followed by bio-binder and UF resin, as shown in the Figure 11.
Saw dust, bio-binder and UF resin were the top contributors to renewable biomass with
values of 4.52, 3.56 and 0.08 MJ, respectively, in wood pellets produced from Oak saw
dust as shown in the Figure 12. UF resin and bio-binder were the top contributors to
renewable water in wood pellets from Kikar tree species. The other factors—saw dust,
lubricating oil, and electricity—showed minor values. In wood pellets from Mesquite saw
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dust, impacts on renewable water were mostly due to saw dust (0.577 MJ) and bio-binder
(0.115 MJ), as shown in Figure 11. In Oak saw dust, bio-binder and electricity were the
main factors in renewable water. Saw dust and lubricating oil showed minor/negligible
values in renewable water.

Figure 10. Single score exergy of wood pellets biofuel from Kikar tree species.

Figure 11. Single score exergy of wood pellets biofuel from Mesquite tree species.
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Figure 12. Single score exergy of wood pellets biofuel from Oak tree species.

3.6. Wood Pellets Biofuel Characterization

In this study, wood pellets were produced from saw dust, which was obtained from
carpenters’ shops and sawmills. Physical characterization of wood pellets was done in
Laboratories of the Pakistan Forest Institute Peshawar and Department of Forestry and
Wildlife Management, University of Haripur, Pakistan. Table 2 shows the characterization
of wood pellets obtained from the saw dust of three different species of southern Khyber
Pakhtunkhwa, whereas Table 3 exhibits the statistical analysis of wood pellets biofuel
parameters having mean value, standard error, standard deviation, and variance for all the
three tree species.

Table 2. Characterization of wood pellets Biofuel from different tree species.

Characterization Unit Mesquite Tree Kikar Tree Oak Tree

Diameter mm 8.17 8.17 8.17
Length mm 29.3 31.16 47.71

Moisture content (MC) wb/% 8.8 7.9 7.8
Ash content % 0.62 0.39 0.32
Bulk Density kg/dm3 590 560 360

Nitrogen % 0.55 0.82 0.61
Sulphur % 0.04 0.02 0.04

High heating values (HHV) MJ/kg 21.87 23.10 21.14
Low heating values (LHV) MJ/kg 20.13 21.32 19.00
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Table 3. Statistical analysis of wood pellets biofuel parameters.

Name of Parameters N Mean Standard Error Standard Deviation Variance

Diameter 3 0.817 0.000 0.000 0.000
Length 3 3.605 0.585 1.013 1.027

Moisture content 3 8.166 0.317 0.550 0.303
Bulk density 3 0.503 0.072 0.125 0.016
Ash content 3 0.443 0.090 0.156 0.025

HHV 3 22.036 0.571 0.990 0.981
LHV 3 20.150 0.669 1.160 1.346

Nitrogen 3 0.660 0.081 0.141 0.020
sulphur 3 0.033 0.006 0.011 0.000

3.6.1. Dimensions

The diameter (8.17 mm) of wood pellets was same for all the three species due to ring
die, as shown in Table 2. The holes in the ring possessed the same diameter in the ring
due to diameter being uniform for all wood pellets. Wood pellets length was variable, as
shown in the Table 2, in which the highest length was for Oak wood pellets with value of
47.71 mm, proceeded by Kikar (31.16 mm) and Mesquite wood pellets (29.3 mm).

3.6.2. Moisture Content

Moisture content in the wood pellets was within the range mentioned in literature and
in different standards, which was 12%, while in some standards, it was mentioned to be
about 15%. The moisture content was determined for saw dust as well as for wood pellets.
The moisture content of saw dust was 14%, 10%, and 8.7% for Mesquite, Kikar, and Oak,
respectively. During production of wood pellets, some water was also added to saw dust.
After pellets production, moisture content was determined by weighing the wood pellets
and after weighing, heating the wood pellets in an oven, as mentioned in ASTM D1762-84.
After heating, weighing the wood pellets once again gave us final moisture of wood pellets
from different species, which were 8.8%, 7.9%, and 7.8% for Mesquite, Kikar, and Oak, as
shown in the Table 2.

3.6.3. Ash Content

The ash content of Mesquite wood pellets was 0.62, followed by Kikar with 0.39. The
lowest ash content 0.32 was for Oak wood pellets. The Italian standard CTI-R04/05, for
wood pellets biofuel, recommended ash content ≤0.7%. While in our study, the ash content
was within the recommended range. The ash content, when expressed in percentage, was
6.79% for Mesquite wood pellets, lagged by Kikar 4.23% and Oak 3.47%.

3.6.4. Bulk Density

The bulk density of our studied wood pellets was 590, 560, and 360 kg/m3 for
Mesquite, Kikar, and Oak, respectively. Compared to Italian recommended bulk den-
sity 620–720 kg/m3, the bulk density of our wood pellets samples was very low. The
Table 2 shows the relationship between bulk density and moisture content. The higher the
moisture content, the higher the bulk density will be.

3.6.5. Heating Values

The highest heating value was for Kikar wood pellets (23.1 MJ/kg), proceeded by
Mesquite and Oak wood pellets, with values of 21.87 and 21.14 MJ/kg, respectively. The
high heating value, as recommended by Italian standard CTI-R04/05, shows the value of
>16.91 MJ/kg. This shows that our studied wood samples follow within the recommended
range, as shown in the Table 2. The low heating value was highest for wood pellets
produced from Kikar saw dust, lagged by Mesquite and Oak wood pellets with values
of 21.32, 20.13 and 19.00 MJ/kg, respectively. Recommended low heating value was not
present in Italian standard CTI-R04/05, as shown in the Table 2.
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3.6.6. Nitrogen and Sulphur Content

Recommended nitrogen and Sulphur percentage in Italian standard were ≤0.3 and
≤0.5%, respectively. Our analyzed wood pellets, produced from the saw dust of three
different species, showed high nitrogen percentage (%) of 0.55, 0.82, and 0.61 for Mesquite,
Kikar, and Oak wood pellets, which were not within the recommended range. The Sulphur
content within the Mesquite, Kikar, and Oak was 0.04, 0.02, and 0.04%. Recommended
Sulphur content in Italian standard was ≤0.05%; when compared to our studied wood
pellets, samples show our wood pellets were within the range for Sulphur content, as
shown in the Table 2.

3.7. Discussion

In the study, the moisture content of wood pellets was 8.8, 7.9, and 8.8% for Mesquite,
Kikar, and Oak wood pellets, respectively. The moisture of wood pellets manufactured in
Finland was 7–12% [39]. The pellet had moisture content (MC) between 6.0 (E) and 7.8% (D).
According to the Swedish standard SS-187120, the MC of pellets should be less than 10% or
less than 12%, depending on which standard group it belongs to [40]. Moisture content
(MC) decreases heating values of wood pellets [41]. Higher MC in the wastes results in
higher durability and bulk densities [42]. Opposite relationship was observed amongst MC
and dimensions of wood pellets in a study of around eight different species [43]. According
to [42], no such differences were observed for diameter and length, and they were according
to the norms. While in the present study, differences were observed in length 29.3, 31.16,
and 47.71 mm and diameter 8.71 mm with moisture variation of 8.8, 7.9 and 7.8% for
Mesquite, Kikar and Oak, respectively.

The ash content was found to be 0.5% for wood pellets manufactured in Finland [39].
Quality of the wood pellets could be further improved by reducing the ash content limit
instead of changing other parameters [44]. In several studies, it was illustrated that ashes
increases mineral nutrition, soil fertility, and forest productivity [45,46], while in our study,
the ash content was within the limit as mentioned in Italian standards. Concerning bulk
density, most tests showed values higher than 600 kg/m3, which was higher than the lower
limit [42]. In one more study, in which the burning of four different types of wood pellets
were analyzed, it was found out that the bulk densities exceeded the lower recommended
values [47]. The bulk and energy density were directly related to one another. The species
B. tuldoides had the highest and significant bulk density value (0.35 g/cm3) [48]. The results
obtained for bulk density in our study showed lower values than the lower limit when
compared to different studies, as well as recommended Italian standard.

Higher heating values for white coir was 18.5 ± 0.3 MJ/kg and for brown coir was
19.0 ± 0.2 MJ/kg. Slight increase was observed in the results of HHV during the coconut
maturation process. This could be due to degradation of hemicellulose [47]. The HHV
is directly linked to lignin content [14]. In a study on the quality of wheat straw pellets,
when wood residue and other types of biomass were used as a binder, the higher calorific
value (17.98–18.77 MJ/kg) increased significantly [49]. The pellets produced presented
very low values, considering nitrogen and sulphur content (0.32 ± 0.01 and 0.04 ± 0.002%,
respectively). In other words, roughly 80% less than the upper limit of the criteria consulted.
Hence, it is estimated that both sulphur and nitrogen oxide emission limits would be
negligible [40]. Nitrogen and Sulphur contents were low in all the three types of wood
pellets, as required by DIN 51731 (1996) [41]. Nitrogen (0.28%) and sulphur (0.02%) content
for sugarcane bagasse pellets found in our work was in accordance with all international
standards [50].

Our findings are consistent with previous research in that environmental burdens are
mainly associated with the production of adhesives and the burning of fossil fuels [51].
Study evaluated the results that natural gas-generated heat has a higher effect (6.74 mPt)
than wood pellet heat (3.19 mPt), primarily due to the loss of fossil resources [9]. In another
study, it was concluded that the use of wood bioethanol, as a partial replacement for
petrol, decreases the fuel’s global warming impact [52]. The primary reason for initiating
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global warming potential in the life cycles of the production of wood pellets is fossil fuel
consumption [53]. The results showed a strong resemblance to the impacts of climate
change, suggesting that the combustion of fossil fuels in the production chains of the WP
dominates GHG emissions [54].

More than 50% of the total Ecotoxicity Potential was given by the underlying electricity
mix used to produce the pellets in each of the WP production scenarios, lagged by the
ignition of biomass (more than 30% of total) for drying the wood pellets [55]. Literature
shows that UF resin, transportation, and electricity had the largest contribution to ecotox-
icity: 37.60%, 31.42%, and 16.76%, respectively [35]. The second highest environmental
impact category was ecotoxicity caused by wood pellets in our study. The major sources of
ecotoxicity were: UF resin, bio-binder, and lubricating oil.

The main causes of abiotic depletion (AD) were natural gas (36.87%), UF resin (34.17%),
and electricity (14.91%) [35]. On the other hand, in the Brazilian and Portuguese particle-
board development processes, UF resin (30%) and HFO (35%) were responsible for most
of the impacts in the AD effect group [56,57]. The AD effects of the production of HFO
are mainly related to the extraction of minerals, coal, crude oils, and other non-renewable
resources needed for its manufacture [58]. The hotspot source for mineral depletion was
Kikar wood pellets, while the leading factor was UF resin.

The burning of wood pellets is dominated by acidification and eutrophication, due to
ammonia, nitrogen oxide, and other pollutants during pellet combustion [52]. The energy
mix accounts for more than 60% of the total acidification potential for the wood pellet sce-
narios, while sawmilling operations account for an additional 20% of the total acidification
potential. The transport of wood pellets in the roundwood is the next major contributing
factor at 13% of the overall acidification capacity [55]. The greatest contribution to acidifica-
tion was from energy, UF resin, and transport; 41.6%, 25.49%, and 21.94%, respectively [55].
Heavy fuel oil (HFO) and UF resin are an important hotspot in the acidification poten-
tial effect group of Brazilian particleboard production due to the production of sulphur,
methanol, and urea [56,57]. UF resin, bio-binder, and lubricating oil were responsible for
acidification potential in wood pellets produced from Kikar, Mesquite, and Oak saw dust.

The environmental impact on human health is much more significant than the impact
on the quality of the ecosystem and resources [9]. The most damage affected resource
depletion and human health [59]. In damage assessment, the leading factor for damage
was from Kikar wood pellets (190.68 mPt), lagged by Oak wood pellets (157.19 mPt) and
Mesquite wood pellets (146.22 mPt). The highest damage was posed to resources depletion
with the contribution of (5.35 MJ surplus), followed by ecosystem quality and human health
with values of (0.927 PAF.m2yr) and (5.35 × 10−6 DALY).

Among the cumulative exergy impact categories, the highest contribution was made by
non-renewable fossil sources (80%), while the combustion of renewable biomass in dryers
was identified as the second largest contributor (9%), followed by renewable water (3%),
among the different manufacturing processes, the production of UF resins, the consumption
of fossil fuels, transportation, and elective activities [32], which is in accordance with other
studies [35]. In cumulative exergy demand, the highest impact was from Kikar saw dust
wood pellets (37.19 MJ), followed by Oak wood pellets (31.99 MJ) and Mesquite wood
pellets (29.41 MJ). Among the production process, the highest exergy was obtained for
non-renewable, fossil for wood pellets obtained from the saw dust of Kikar, followed by
Oak, and the lowest value obtained was for Mesquite, with the values of 23.93, 21.99, and
19.51 MJ, respectively. Renewable biomass and exergy attained was highest for wood pellets
obtained from Kikar (10.859 MJ) saw dust, proceeded by Oak (8.226 MJ) and Mesquite
(8.202 MJ), respectively. Exergy obtained from renewable water was highest in Kikar wood
pellets, followed by Mesquite and Oak wood pellets, respectively, with values of (0.94 MJ),
(0.62 MJ), and (0.59 MJ), respectively.
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3.8. Sensitivity Analysis for Wood Pellets

Sensitivity analysis determines how different values of an independent variable affect
a particular dependent variable under a given set of assumptions [60]. Sensitivity analysis
focused on lubricating oil and UF resin to find impacts caused due to the above hotspot
source. Table 4 showed the comparative environmental impacts from base line study with
data in which 20% reduction in lubricating oil and UF resin, while in second case 0% of
usage of UF resin, were observed. Table 5 showed the reduction in fossil fuel depletion,
ecotoxicity, mineral depletion, and acidification/eutrophication potential. When 20%
reduction was carried out in lubricating oil, similarly, 19% reduction was observed in fossil
fuels, 20% in ecotoxicity, 20% in mineral depletion, and 21% in acidification/eutrophication.
Furthermore, when 20% reduction in UF resin was done and 16% reduction was observed in
fossil fuel, 27.25, 26.73, and 25% reduction were observed in ecotoxicity, mineral depletion
and acidification/eutrophication, respectively. In case 3, when no UF resin was used, a huge
decrease was observed in environmental impacts with values of 42.67, 66, 63.37, and 51.67%
for fossil fuel, ecotoxicity, mineral depletion, and acidification or eutrophication potential,
respectively. The comparative damage assessment to human health, ecosystem quality, and
resources form the baseline results, with 20% reduction in lubricating oil, 20% UF resin,
and without usage of UF resin, which had been shown in Table 5. A 20% reduction in
lubricating oil brought 20.47, 13.32, and 19% decreases in human health, ecosystem quality,
and resources, respectively. In case 2, 20% reduction in UF resin carried out reduction in
human health, ecosystem quality, and resources by 24, 15, and 16%, respectively. Similarly,
in case 3, when 0% of UF resin was used for wood pellets production, 53% decrease was
observed in human health, 2% in ecosystem quality, and 43.19% in resources.

Table 6 showed the scenario analysis of wood pellets for exergy, in which 20% reduction
in lubricating oil caused 19% reduction in non-renewable fossil, 16% in renewable biomass,
and 21% in renewable water. Similarly, 20% decrease in UF resin caused 15% decrease in
non-renewable fossil, 16% in renewable biomass, and 37% decrease in renewable water.
Furthermore, without usage of UF, resin caused 42% decrease in non-renewable fossil,
2.5% reduction in renewable biomass, and 92% decrease in renewable water.

Table 4. Scenario analysis for environmental footprint of wood pellets biofuel, with 20% reduction in
lubricating oil and Urea Formaldehyde (UF) resin.

Impact Category Fossil Fuel Depletion Ecotoxicity Mineral Depletion Acidification/Eutrophication

Unit MJ Surplus PAF.m2yr MJ Surplus PDF.m2yr

Baseline value of lubricating oil 1.8752 0.4801 0.0464 0.0300
20% reduction in lubricating oil 1.5222 0.3824 0.0369 0.0238

Percent decrease in
environmental impacts 19% 20% 20% 21%

Comparative environmental impacts assessment of wood pellets from baseline results with 20% reduction in UF resin

Baseline value of UF resin 1.8752 0.4801 0.0464 0.0300
20% reduction in UF resin 1.5782 0.3493 0.0340 0.0225

Percent decrease in
environmental impacts 16% 27% 27% 25%

Comparative environmental impacts assessment of wood pellets from baseline results with 0% of UF resin

Baseline Value 1.8752 0.4801 0.0464 0.0300
0% of UF resin 1.0751 0.1629 0.0170 0.0145

Percent decrease in
environmental impacts 42% 66% 63% 52%



Sustainability 2022, 14, 2082 19 of 22

Table 5. Scenario analysis for damage assessment of wood pellets biofuel, with 20% reduction in
lubricating oil and UF resin.

Impact category Human Health Ecosystem Quality Resource Depletion

Unit DALY PAF.m2yr MJ Surplus

Baseline Value 2.15 × 10−6 0.353 1.922
20% reduction in lubricating oil 1.71 × 10−6 0.306 1.559

Percent decrease in environmental impacts 20% 13% 19%

Comparative damage assessment of wood pellets from baseline data with 20% reduction in UF resin

Baseline Value 2.15 × 10−6 0.353 1.922
20% reduction in UF resin 1.63 × 10−6 0.301 1.612

Percent decrease in environmental impacts 24% 15% 16%

Comparative damage assessment of wood pellets from baseline data with 0% of UF resin

Baseline Value 2.15 × 10−6 0.353 1.922
0% of UF resin 1.01 × 10−6 0.346 1.092

Percent decrease in environmental impacts 53% 2% 43%

Table 6. Scenario analysis for exergy of wood pellets biofuel with 20% reduction in lubricating oil.

Impact Category Non Renewable, Fossil Renewable, Biomass Renewable, Water
Unit MJ MJ MJ

Baseline Value 23.925 10.859 0.935
20% reduction in lubricating oil 19.430 9.086 0.735

Percent decrease in environmental impacts 18.79% 16.33% 21.40%

Comparative exergy of wood pellets from baseline data with 20% reduction in UF resin

Baseline Value 23.925 10.859 0.935
20% reduction in UF resin 20.227 9.074 0.587

Percent decrease in environmental impacts 15.46% 16.44% 37%

Comparative exergy of wood pellets from baseline data with 0% of UF resin

Baseline Value 23.925 10.859 0.935
Without useage of UF resin 13.993 10.597 0.070

Percent decrease in environmental impacts 41.50% 2.40% 92.50%

4. Conclusions and Recommendations

In the present study, low-emitting wood pellets biofuel was produced from sawdust
of selected agro-forest tree species, i.e., Kikar (Acacia nilotica), Oak (Quercus semicarpifolia),
and Mesquite (Prosopis juliflora) grown in the southern part of the Khyber Pakhtunkhwa
(KP) province of Pakistan using indigenously developed technology (pelletizer machine).
Life cycle inventory (LCI) was conducted for the entire production chain of the wood
pellets biofuel by measuring quantities of various inputs (such as sawdust, bio-binder,
specialty oil for pelletizer machine) consumed and output (wood pellets) produced. In
addition, the wood pellets were characterized to examine diameter, length, moisture con-
tent, ash content, bulk density, high heating value (HHV), low heating value (LHV), as
well as nitrogen and sulphur contents. The results of the present study were in accordance
with the recommended Italian standard CTI-R 04/5, except for pellet bulk density and
nitrogen content. The bulk density for all wood pellets, manufactured from the sawdust
of three different agro-forest tree species, were lower than the recommended Italian stan-
dard, while for nitrogen content, the results were higher than the recommended Italian
standard. Among the environmental impacts, Kikar (Acacia nilotica) wood pellets were
the major contributor to fossil fuel depletion, followed by ecotoxicity, mineral depletion,
and acidification/eutrophication. This was primarily due to lubricating/specialty oil and
urea-formaldehyde (UF) resin used as inputs in the wood pellets biofuel manufacture.
Likewise, human health and ecosystem quality was also affected by lubricating oil, UF
resin, and saw dust, respectively. In cumulative exergy demand of 1 kg wood pellets
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biofuel, the highest impact was from Kikar wood pellets for non-renewable fossils, mainly
due to lubricating oil used. Difference in environmental impacts, damage assessment and
exergy were examined in three different scenarios for major hotspot inputs by reducing
20% lubricating oil in case 1, 20% UF resin in case 2 and without usage of UF resin in case 3,
marked reduction was observed in ecotoxicity, fossil fuel, and mineral depletion, as well as
acidification/eutrophication impact category. Moreover, a pronounced reduction was also
noted in the non-renewable fossil fuel category of cumulative exergy demand of 1 kg of
wood pellets biofuel produced. It is recommended that Government of Pakistan should
install large-scale wood pellets mills for the mass production of pellets biofuel to increase
energy contents and improve combustion properties of pellets, consumed for heating and
cooking purposes, in households across the country. This study will also provide a base
for the establishment of wood pellet industry in Pakistan, which will create employment
opportunities and uplift the economic condition while transforming the petro-economy to
bioeconomy in Pakistan.
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