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Abstract: The impacts of climate change are inevitable and driven by increased levels of greenhouse
gases (GHG) in the atmosphere, requiring mitigation and re-adaptation measures. In this context,
this article critically analyzes the influence of drying technology type, forest biomass, and GHG
emissions resulting from the energy required for drying agricultural crops, by presenting a case
study of tobacco drying. In this study, the influence of increasing the technological level of drying
unit (curing units CUs), using E. saligna and E. dunnii firewood and Pinus sp. pellets, was evaluated;
considering consumption efficiency, energy efficiency, and concentration of gas emissions (CO,
CO2, CXHY and NOX), as well as emission factors in tCO2-eq. The results showed that when
increasing the technological level of the CUs, there is a decrease in fuel consumption and emissions.
The reduction can reach 60.28% for the amount of biomass consumed and 67.06% in emissions in
tCO2-eq; for the scenario of a production crop, using a CU with a continuous load (Chongololo) and
firewood from E. dunnii. The use of pellets proved to be efficient, with the lowest consumption of
biomass and emissions with more technological CUs.

Keywords: pollutant gas emissions; forest biomass; combustion; power generation

1. Introduction

Climate change brings a series of implications for various sectors of society, requiring
mitigation and re-adaptation measures capable of minimizing the risks involved [1], and
with energy efficiency and greenhouse gas (GHG) reduction being the most significant
challenges for humanity [2]. Hence, sustainability strategies need to be implemented by all
sectors and emphasizing aspects that contribute to the new concept of a green economy or
low carbon economy, which focuses on minimizing socio-environmental impacts and is
sustained by three pillars: low carbon intensity, efficiency in the use of natural resources,
and being socially inclusive [3].

Brazil’s vulnerability to climate change, due to its continental dimensions and regional
differences of a geographic and socioeconomic nature, makes the country’s contribution to
the global effort to reduce GHG emissions essential to guarantee the security and well-being
of the population. Brazil signed the Paris Agreement in 2015, pledging to develop policies
seeking sustainable development following the three pillars of a low carbon economy.
Brazil is committed to reducing greenhouse gas emissions by 37% by 2025 and by 43% by
2030. For this, the country must increase the share of sustainable bioenergy in its energy
matrix by approximately 18% by 2030 [4].

In view of these commitments, the public, private sector, and society itself jointly have
the responsibility for leading efforts to reduce GHG emissions and develop the construction
of a low carbon economy that involves all productive sectors and aiming at sustainability.
Among the sectors that stand out, the agriculture and forest-based sectors are key actors
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in implementing low-carbon economy systems. Brazil is a country that produces primary
raw materials, such as wood and grains. Agriculture was responsible for 21.4% of Brazilian
national GDP in 2019 [5], and the planted forest sector represented 1.3% of Brazilian GDP
and 6.9% of industrial GDP in 2019 [6].

The Brazilian forestry sector has become prominent for initiatives to reduce carbon
emissions. The 7.83 million hectares of planted trees capture 1.70 billion tons of CO2-eq
from the atmosphere [6]. The forestry sector is renewable at its core; where its potential
to mitigate climate change is directly proportional to creating and taking advantage of
carbon market mechanisms. In addition to removals and carbon stocks from planted trees,
the sector generates and maintains carbon reserves in the order of 2.5 billion tons of CO2-eq
and 5.6 million hectares in the form of conservation native forest areas.

A study carried out in the state of Uttarakhand, India showed that different forms of
forest can significantly affect the amount of carbon in the soil. For the region, the authors
found a greater amount of soil carbon in Abies pindrow forests, with 128.54 t ha−1 [7]. Pure
forest stands with Cedrus deodara species, occurring in the Western Himalayas, also have
a great potential for carbon retention in biomass and soil, ranging between 545 t ha−1

and 330 t ha−1, thus helping to mitigate climate change. These studies help policy makers
and environmentalists to take preventive measures and promote forest species that can
sequester more carbon [8].

Consequently, several types of climate benefits characterize the sector’s potential:
removal and storage of carbon by natural and planted forests, the emissions avoided by
the use of renewable sources such as biomass, and carbon stocks in wood products.

Given the opportunity for forestry biomass to balance environmental impacts and
the importance of agriculture for the economy, this article focuses on a case study for
tobacco farming in Brazil; a crucial income source for small farmers in the South of the coun-
try. Most farms manage their land in mosaics, interlarding native forests, tobacco, and
planted forests, including the agrosilvopastoral system. In this context, the forestry sec-
tor is directly inserted into tobacco farming systems to supply planted forest biomass as
an energy source for drying Virginia-type tobacco, which is the most planted species in
Brazil [9].

Even if conducted with renewable energy through planted forest biomass, tobacco
drying is one of the main generators of polluting gases in this production chain. This
is due to the combustion necessary to transfer thermal energy into producing heat for
drying the tobacco leaves [10]. Particles and gases derived from incomplete combustion
are among the main environmental and health problems, reinforcing the need to study
the relationship between biofuel consumption and GHG emissions. Currently, some
studies allow verifying how pollutant gas emissions behave with the use of firewood in
grain drying [11,12] and the importance of using forest biomass in the energy generation
process, both with the use of firewood [13,14] and pellets [15,16]. However, to the best of
our knowledge, the combination of the technological level of drying units with the type
of biomass consumed, the resultant biomass consumption, and GHG emissions have not
been addressed.

One of the biggest challenges in agroforestry systems is maintaining a constant increase
in production sustainably. This challenge arises in the midst of debates and social pressures
for a new development model that can reconcile economic growth and environmental
conservation, while increasing the resilience of production systems and reducing GHG
emissions. For example, for most tobacco companies, sustainability pledges are based on
the Paris Agreement. According to JTI (Japan Tobacco International), the journey towards
a zero-carbon future will be achieved by increasing the use of energy from renewable
sources, while continually looking for innovative ways to achieve and exceed the goal of
reducing absolute GHG emissions [17].

Hence, in addition to biomass, drying structures, or so-called curing units (CU), can
significantly influence combustion efficiency and gas emissions. The gain in technology
can maximize the use of biofuels and the efficiency of the curing process. It should be
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noted that investing in climate adaptation is not only an environmental decision but also
an economic one, as investments will be affected by climate change due to the need to
redirect capital towards clean energy technologies that will survive in the future, and
aiming at guaranteeing the competitiveness of countries, companies, and the product itself.

This paper seeks to increase the knowledge regarding a low carbon economy in
the agricultural sector that relies on forest biomass for energy. The methodology presented
here can serve other sectors for measuring the carbon intensity (or carbon footprint) of
drying processes. Furthermore, we provide recommendations for supporting a more
sustainable tobacco production in the case study context.

From this perspective, this article aims specifically to define which types of forest
biomass are more energy-efficient, supporting the reduction of GHG, while linking this
factor to the technological advancement of drying units in Brazil. Thus, it was possible
to verify how the different scenarios affect energy consumption and GHG emissions, and
how much these changes achieve the Paris Agreement’s goals.

2. Materials and Methods

This section initially presents the characterization of the drying units and the type of
biomass used in the process.

Subsequently, the analysis is delimited according to the objectives to be presented,
namely: consumption efficiency and energy efficiency in the use of forest biomass. Pollutant
gas emissions and corresponding emission factors are then identified for each curing
unit evaluated, presented in the form of carbon equivalent for each type of biomass.
The scenarios of the different curing units with the different biomasses were taken into
consideration, extrapolating the values for a tobacco production crop (2020/2021).

2.1. Drying Units

The analyzed drying units (drying/curing units: CU) can be found throughout Brazil’s
tobacco-growing regions. For this study, four CU types were taken into account, all being
technologically distinct from each other (Table 1 and Figure 1). The basic tobacco drying
scenario uses firewood in conventional curing units, which is the CU with the lowest
technological level. The number of drying units presented corresponds to 9.79% of the total
units used by the sector, 159,000 drying units in total for 114,000 Virginia-type tobacco
growers [18].

Table 1. Characteristics of the curing/drying units evaluated.

CU Capacity Main Technological Caracteritics Structure Chimney Useful
Area

n of
Greenhouses 2

Continuous load
(Chongololo) 608 clamps

Fan
Double-firing system

Temperature and humidity control
Steel 0.045 m2 28

Forced air 1 207 clamps Fan
Temperature and humidity control Steel 0.049 m2 9532

Conventional with
firewood 500 sticks Automatic damper

Temperature and humidity control Masonry 0.045 m2 6015

Conventional
adapted for pellets 500 sticks Fan

Temperature and humidity control Masonry 0.045 m2 3

1 Forced air corresponds to CU with clamp and loose leaf. 2 The number of greenhouses mentioned above corresponds to a total of
10,877 tobacco growers whiting JTI (Japan Tobacco International), producing an average of 3980 kg of tobacco per CU.
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Figure 1. (a) Continuous load CU (Chongololo), (b) Forced air CU, (c) conventional CU, and (d) con-
ventional adapted for pellets CU. Source: images “a” and “b” available on the manufacturer’s website:
http://www.be1.com.br (accessed on 25 November 2020) and images “c” and “d” photographed by
the authors.

2.2. Biomass Types

Three different forest biomass sources were investigated: firewood of Eucalyptus dunnii
Maiden and Eucalyptus saligna Smith, and pellets of Pinus sp. Eucalyptus firewood is
the most affordable biomass and commonly used in tobacco production [19]. Pellets are
less employed in tobacco drying because this requires adaptation of the CUs. Neverthe-
less, pellets allow the use of the forest residues available in the region and therefore have
an important role in research on energy efficiency and GHG emissions.

2.3. Analysis and Characterization
2.3.1. Biomass Characterization

The chemical analysis was performed using the ASTM D-143 standard, for moisture
content, basic wood density, lignin content, ash content, superior heating value, and
energy density.

2.3.2. Biomass Consumption

The verification of biomass consumption was carried out by measuring the biomass
in cubic meters and weighing the biomass used during the tobacco drying cycle (168 h
on average).

2.3.3. Energy Efficiency

The calculation of the energy efficiency followed a methodology adopted by Cam-
pos [11]. The energy from the fuel used to heat the air inside the curing unit was determined
by Equation (1):

EPC = QC × PCI (1)

where:
EPC = energy from the fuel, kJ;
QC = amount of fuel, kg;
PCI = lower calorific value of fuel, kJ.kg−1.

http://www.be1.com.br
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To determine the calorific value of the firewood, Equation (2) [20] was used:

PCI = PCS − 0.0114 × PCS × UC% (2)

where:
PCI = lower calorific value of fuel, kJ.kg−1;
PCS = fuel superior calorific power, kJ.kg−1;
UC = fuel moisture content, % b.u. (35%).

The drying energy efficiency, the amount of energy required to evaporate a unit of
water mass from the product, was obtained as follows (Equation (3)).

EEs =
EPC

(M1 − Mf)
(3)

where:
EEs = energy efficiency related to drying, kJ.kg−1;
EPC = energy consumed in the form of fuel, kJ;
Mi = initial product mass, kg; and
Mf = final product mass, kg.

2.3.4. GHG Quantification

For the quantification of chimney gas emissions, gas concentrations in smoke were
measured, in mg/m3 and percentage, using a chimney gas analyzer model Chemist 500×
Seitron. The gases analyzed were carbon monoxide (CO), carbon dioxide (CO2), nitrous
oxide (NOx), and hydrocarbons (CxHy). Measurements were taken for one hour, obtaining
samples every 10 s, totaling 360 samples. Data collected in the field was transferred to
a computer using the equipment’s software and analyzed in an Excel spreadsheet.

2.3.5. Emission Factors

An emission factor represents the amount of mass emitted from a gas when one
kilogram of dry biomass is consumed in combustion; that is, it is a pollution indicator that
expresses the relationship between the amount of pollution produced and the amount of
material processed. This factor is expressed as the ratio between the pollutant’s weight and
a unit of weight or volume [21]. The emission factor (FEX) was calculated according to
Equation (4) [21,22], considering g/kg (grams of tobacco per kg of dry biomass burnt).

FEx =
Vchimney−total

mdry−basisfuel

[ ]X MX

VX

[
gX

kgdry−basisfuel

]
(4)

where:
Vchimney − total = total volume of gases flowing through the chimney (m3);

X = average concentration of X (ppmv) at 8% oxygen [23];
MX = molar mass (g/mol);
M (dry − basis fuel) = mass of dry − basis fuel (kg);
Vx = molar volume of 1 mol at 0 ◦C and 1 atm (L/mol) (=0.0224 m3).

Emission factors in g/kg were transformed into tons of carbon equivalent according
to Equation (5).

CO2−eq = ∑(PAGt × GEEi) (5)

where:
CO2-eq = GHG emissions.
PAG = Global warming potential of gas i;
GEE = Mass of gas i; and,
i = greenhouse gas.



Forests 2021, 12, 1056 6 of 14

2.3.6. Firewood Consumption and Emissions Scenarios

JTI provided data for the scenario analysis, projecting them for the 2020/2021 to-
bacco production crop scenario. This represented 10,877 producers and 15,578 CUs, with
an average tobacco production of 5700 kg per farmer or 3980 kg of dry tobacco per
CU. For the consumption and emissions scenarios, results were projected considering
the conversion of the technological base and biomass used in the drying process.

The results were evaluated by univariate statistical analysis (analysis of variance-
ANOVA) and Tukey’s test of means. In all statistical analyses, a 5% probability was
adopted, and the statistical software R was used.

3. Results and Discussions
3.1. Biomass Characterization

The desired characteristics of an “ideal” solid fuel are high calorific value, high wood
density, and low ash and moisture content [24]. Furthermore, the energy density of wood
can be considered one of the main characteristics of biomass, as it reveals the amount
of energy per unit volume of a fuel [25]. Thus, the biomass with the highest energy
density (DE) in this analysis was Pinus sp. pellets, followed by E. dunnii and E. saligna.
It was possible to observe that the greater the wood density, the greater the DE, which
encourages an interest in denser woods for burning. Pellets had a value of 0.70 g/cm3,
much higher than any kind of firewood, and characteristic of the densification process. In
Table 2, it is possible to verify the parameters analyzed for the firewood and pellets used in
the combustion process.

Table 2. Biomass characteristics evaluated in the energy generation process.

Biomass Moisture Content Ash (%) Extractives (%) Lignin (%) DB
(g/cm3)

CV
(Kcal/kg)

ED
(Gcal/m3)

Eucalyptus saligna firewood 25–35% b.u 0.41 2.73 15.96 0.44 4686.60 2.07
Eucalyptus dunnii firewood 25–35% b.u 0.54 2.69 21.64 0.56 4715.00 2.62

Pinus sp. Pellets 8% b.u 0.33 6.54 28.02 0.70 4728.00 3.30

DB: basic density; CV: superior calorific value; ED: energy density.

A similar CV were found for wood chips (19.40 MJ/kg or 4633.61 kcal/kg), which
have a higher CV compared to sunflower husk, oat husk, wheat straw, and hay, as assessed
in the study of [26]. The wood chips presented 10.4 MJ/Kg (2484 kcal/kg) for the low
calorific value and had 40% moisture [26]. In this research, the wood moisture ranged
between 25–35%. In contrast, pellets have, in addition to a high density, a lower moisture
value (8% b.u), which results in greater efficiency in the use of fuel energy.

The biomass constituents that most affected the calorific value were, in order of
importance, lignin content, carbon content, and extractives content [27]. In Table 2, it
is possible to observe the characteristics supporting pellets as the best energy source.
A study by Welter [28] recommended pellets as an efficient energy source for crop drying,
emphasizing the greater calorific power, lignin, and higher energy density compared
to firewood.

3.2. Efficiency in Biomass Consumption

It was possible to notice that E. dunnii firewood showed a better performance for
consumption efficiency, being 1.91 kg/kg of dry tobacco for continuous load CU and
2.03 kg/kg for forced air (Figure 2). The use of pellets achieved a 67.53% increase in
efficiency in consumption compared to continuous load CU with E. dunnii firewood.
The firewood consumption efficiency of E. saligna was on average 11.63% lower for
the most technological CU, 6.87% for forced air, and only 0.21% for conventional CU,
compared to E. dunnii firewood.
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Figure 2. Efficiency in biomass consumption for different curing units.

The Chongololo CU had the highest energy efficiency for firewood from E. dunnii and
E. saligna, followed by the forced air CU. The core furnace systems of the CUs discussed
above were similar. They comprise hot air generated in the combustion chamber circulating
through the structure, where the product is placed for drying, circulation being activated
by a fan that pulls and directs hot air through tobacco leaves returning to the heating
zone by a difference of pressure. An air injection system allows more oxygen to enter
the combustion process, which reacts directly with the fuel and slows down the furnace
supply, making the biomass combustion more efficient.

It is also evident that the efficiency of biomass consumption is directly related to
the tobacco’s weight (its moisture content) and the installed capacity of the CU. As
the weight of tobacco increases, the kg of biomass per kg of dry tobacco ratio decreases,
as seen in Table A1 in Appendix A. The Chongololo CU-type has 55.60% more installed
capacity than forced air; thus it has a higher consumption of firewood per cycle. However,
with greater capacity, the drying process and efficiency are optimized.

A study carried out on a forced air curing unit of tobacco growers in southern Brazil,
showed a consumption of Eucalyptus sp. firewood in the range of 3.96 kg per kg of
tobacco [15], a value higher than that verified in this research. The curing unit capacity
was not available in the study for comparison; however, the firewood moisture and forest
species used may partially explain the difference in results.

In the same region, an Eucalyptus sp. firewood consumption of 2.71 kg per kg of
tobacco was evidenced in a conventional CU, with capacity for 800 sticks per cycle [29].
It is noteworthy that the study in question was carried out in a CU with 37.5% more
capacity than the CU used in this study, which had an average consumption of 3.3 kg/kg
(Figure 2). This comparison demonstrates a possible relationship, whereby the same
amount of firewood can dry a greater amount of tobacco and the energy that is spent for
a single curing cycle can be optimized. The authors did not link firewood consumption to
GHG emissions.

Nevertheless, Tippayawong et al. [30] remarked that the more efficientl use of wood in
tobacco curing processes is necessary and that it is one of the ways to optimize this resource,
since cured tobacco is grown in countries classified by the FAO as having a deficit, or
a prospective deficit of firewood. On the other hand, Brazil is one of the leading countries
globally in sustainable forest plantations [31]. The tobacco sector’s objective is to make
each farmer self-sufficient in forest biomass, mainly firewood, without repercussions for
native forests, with approximately 1 ha of trees supporting 2 hectares of cured tobacco
(yield 2000 kg/ha).

3.3. Energy Efficiency

The combustion process’s energy efficiency (EE) is associated with the amount of
energy necessary to dry one kg of product. The forced air CU was the most energy-efficient
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when considering a firewood biomass, consuming less energy to dry the same amount of
tobacco, with 6762.78 kJ.kg−1 with E. dunnii firewood. The continuous load CU obtained
a similar value of 7043.05 kJ.kg−1 for the same species (Figure 3).
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Figure 3. Energy efficiency for different types of CU and biomass.

Analyzing the EE in other agricultural systems using firewood, a value of 12,752 kJ·kg−1

was found for grain dryers [11]. In conventional tobacco greenhouses, the energy consump-
tion with the use of firewood was 11,665.73 kJ·kg−1 and 8836.65 kJ·kg−1 for pellets [29], val-
ues higher than those found in this research. Both results were associated with the amount
of biomass used per kg of dry product. More details on the data obtained in this study can
be found in Appendix B.

Pellets presented the highest EE among the biomass types (Figure 3), even though
the combustion process was carried out in an adapted conventional unit with a lower
technological level. Therefore, one can expect an improved EE for pellets in more techno-
logical CUs.

The lower the EE value, the more efficient the drying of tobacco will be; that is,
a greater removal of water from a larger amount of tobacco with the same amount
of biomass used in the combustion process. The more fuel (forest biomass) is used in
the process, the greater the energy expenditure for drying 1kg of tobacco is, due to
the fact that the use of more fuel than necessary leads to a low consumption efficiency and
an incomplete combustion process.

3.4. GHG Emissions

The quantitative analysis of residual gases from the combustion process in different
CUs with the biomass types showed that the CU using pellets had the lowest gas concen-
trations (CO2 = 11.5%; CO = 954.99 mg/m3; CxHy = 0.15%), except for NOx (29.58 mg/m3)
that was higher than the other CUs with firewood. The lower emissions of CO and CxHy
indicate complete combustion. Among the CUs that employed firewood, the conventional
type obtained the lowest concentration of emissions in mg/m3 of CO, CxHy, and NOx,
both for E. dunnii (4679 mg/m3; 1.31% and 85, 12 mg/m3) and E. saligna (7230.73 mg/m3;
0.56% and 173.51 mg/m3), respectively (Appendix B).

The continuous load and forced air CUs had the highest concentrations of gases for
the types of firewood analyzed, which is expected when incomplete combustion occurs
(CO, CxHy, and NOx). This result may have been linked to the lack of homogenization
between the air and fuel. The system’s fan allows air to enter under the furnace at high
speed (3000 rpm), into the ashtray, stimulating smoke formation. There is a large air intake,
which is good, but this air might be poorly distributed inside the furnace.

On the other hand, CO emissions were lower by 49.64% for the Chongololo CU using
E. dunnii compared to E. saligna. Contrastingly, the CxHy and NOx emissions increased
by 20% and 55.22%, respectively. For the forced air CU, the reduction was 28.84% for
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CO, 98.09% for CxHy, and 66.75% for NOx, (Appendix B). It is also evident that CxHy
and NOx emissions were higher in the curing units when E. dunnii firewood was used,
which can be explained by two potential reasons: the possible higher amount of nitrogen in
E. dunnii compared to in E. saligna, and the combustion that may have occurred at higher
temperatures. The formation of NOx depends on the combustion temperature, the flow
between the fuel, and the moisture [32], and is formed by breaking the bonds of nitrogen
present in the fuel and the reaction with O2 [33]. The emission curves of NOx and CO must
be analyzed simultaneously, since the reduction of one pollutant can increase the formation
of the other, as was also evidenced in this research [34].

The formation of NOx, CO, and CxHy can be reduced by acting directly on the process,
from operational changes (excess air, dissipated power, flue gas recirculation) to substantial
modifications, such as staging in the air or fuel supply.

In combustion chambers, where the residence time is short, the final concentrations of
CO will be higher than in those large furnaces, where the time is longer [35]. Therefore, in
chambers where the gas is retained longer, this gas is re-burned, reducing its concentration
in the atmosphere. In this sense, it is worth mentioning that all the evaluated CUs have
only one main chamber, where the gas goes directly to the heating pipes. Hence, imple-
menting a blast system in the CU, or a second combustion chamber, can be an interesting
modification, allowing the gas to leave the main chamber and pass to a second level, where
the combustion can continue.

The gas velocity was higher in the continuous load CU and the forced air CU than in
the others (Appendix B), mainly due to the high speed of the air entering the fan, which
often drives the gas firing out of the furnace too quickly. Theoretically, if the gas outlet
speed increases, the combustion chamber’s internal pressure decreases because more gas
is coming out more quickly. Thus, the gases do not stay in the chamber long enough
to be burned, causing higher emissions of polluting and particulate gases. Conversely,
if the speed is reduced, the pressure inside the chamber tends to be higher, increasing
the combustion process’s efficiency, as the gases are trapped and burn for longer.

Appendix B shows the mean and standard deviation of the concentration of gases
emitted during the burning process of the biomass fuels studied.

3.5. Emission Factor in Tons of Carbon Equivalent (tCO2-eq)

In general, the continuous load CU showed the lowest emissions per kg of dried
tobacco, totalling 0.004078 tCO2-eq (Figure 4b). This value is still lower than for pellets,
which resulted in 0.007755 tCO2-eq (Figure 5c). It should be noted that the emissions con-
centrated in mg/m3 of gas were lower for pellets, as shown in item 3.3; however, because
the Chongololo’s efficiency in biomass consumption is higher (lower ratio of kg of firewood
per kg of dry tobacco), the emission factor per kg of biomass was also lower. Therefore,
the efficiency in biomass consumption is strictly related to pollutant gas emissions. More
information can be obtained in Table A3 in Appendix C and Figures 4 and 5.
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Figure 4. Emission factors for the Chongololo (a,b) and forced air (c,d) CUs, considering the firewood biomass of two forest
species E. saligna (ES) and E. dunnii (ED).
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Figure 5. Emission factors for conventional curing units, considering the biomass firewood (a–c) of E. saligna (ES), firewood
of E. dunnii (ED), and Pellets.

3.6. Scenarios
3.6.1. Efficiency in Forest Biomass Consumption

In relation to the base scenario of conventional PAs using E. saligna firewood, there was
a reduction in firewood consumption of 41.21% when compared to the use of Chongololo
PA and E. dunnii firewood type biomass. The reduction was even greater if pellets are used,
even in adapted conventional PAs, with a reduction of 60.28% in the amount of biomass
consumed, as shown in Table 3.

Table 3. Quantification of biomass consumption considering the different scenarios of curing units
and biomass.

Biomass Curing Unit kg of Firewood per 2020/2021 Harvest

E. saligna
Chongololo 133,428,783.03 ± 13,256,339.90
Forced Air 135,339,654.92 ± 25,467,270.99

Conventional 201,633,535.51 ± 8,199,087.37

E. dunnii
Chongololo 118,531,475.87 ± 24,605,048.68
Forced Air 126,031,279.12 ± 12,657,258.45

Conventional 205,948,712.10 ± 23,471,298.98

Pellets Conventional 80,084,577.05 ± 13,842,905.58

There was a clear difference in the amount of biomass consumed during the harvest
when the scenario changed. However, the analysis of variance did not show a significant
interaction between the factors “type of biomass” and “cure units”. Thus, the comparative
test of means was performed analyzing each effect separately using the Tukey test at 95%
probability. It was found that firewood from E. saligna and E. dunnii did not differ, but both
differed from the pellets of Pinus sp. Among the curing units, only the conventional one
differs from the others, as seen in Table 4.

Even though there was no significant difference between firewood from E. saligan and
E. dunnii, and between the forced air and Chongololo CUs, it is evident that the reduction
in consumption observed is a major step towards the implementation of a low carbon
process. Improving the efficiency in the consumption of biomass, whether from firewood
or pellets, is fundamental for reducing energy dependence, which increases the security of
energy supplies and sustainability.
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Table 4. Tukey test results at 95% probability.

Curing Unit Means Groups Biomass Means Groups

Conventional 162555608 a Wood E. saligna 156800658 a
Forced Air 130685467 b Wood E.dunnii 150170489 a
Chongololo 125980129 b Pellets Pinus sp. 80084577 b

According to the Shapiro–Wilk test at 5% significance, the residuals can be considered normal, (p-value:
0.6733348).

3.6.2. Emissions-tCO2-eq

The change in technological base of the tobacco drying scenario, i.e., converting con-
ventional CUs with E. saligna firewood to continuous-load CUs with E. dunnii firewood led
to a 67.06% reduction in emissions in tCO2-eq per kg of smoke. In addition, the transition
of the technological base considering the use of Pinus sp. would result in a 37.15% reduction
in emissions compared to conventional CUs with E. saligna firewood. Quantifications are
presented in Table 5.

Table 5. Quantification of carbon emissions considering the different scenarios.

Biomass Curing Unit tCO2-eq in the 2020/2021 Harvest

E. saligna
Chongololo 627,221.23 ± 255,733.12
Forced Air 789,861.02 ± 286,295.15

Conventional 765,012.20 ± 323,115.42

E. dunnii
Chongololo 252,030.91 ± 67,919.43
Forced Air 522,256.56 ± 74,448.80

Conventional 666,348.32 ± 379,930.40
Pellets Conventional 480,838.66 ± 160,333.43

According to the Shapiro–Wilk test at 5% significance, the results are considered
normal (p-value: 0.07823198). However, even with a reduction in emissions regarding
the different scenarios, the analysis of variance did not show a significance between and
within the factors (curing units and biomass). Hence, there was no significant difference
between the means of the analyzed treatments.

It is noteworthy that the goal of reducing GHG emissions, ratified in the Paris Agree-
ment in 2015 and pledged by the tobacco sector, would be surpassed with the implementa-
tion of a continuous load CU or with a change in the type of biomass in conventional curing
units. It should be noted that this study is based only on technical and environmental
considerations. The economic and social aspects should be analyzed together, in order to
reach a complete recommendation regarding the implementation of these strategies. In
addition, the emission calculations only took into account the biomass combustion process,
not a comprehensive analysis of the production life cycle. Therefore, the firewood planting
cycle, pellet production, and biomass logistics, for example, were outside the scope of
this research.

4. Conclusions

The continuous load CU (Chongololo) using E. dunnii firewood can be considered
the best scenario for reducing GHG emissions in the tobacco sector. This is the most
effective technology with the highest tobacco drying capacity per hour, less biomass
consumption, better energy efficiency, and less tCO2-eq emitted per kg of tobacco. It is also
evident that the use of Pinus sp. pellets in adapted conventional CUs obtained lower GHG
concentrations in mg/m3 and can contribute even more to the improvement of results using
more technological CUs. For the conditions of the study, a reduction between 60.28–41.21%
in the consumption of forest biomass and 67.06–37.15% in carbon emissions (tCO2-eq) can
be obtained by combining the best CU technology with the best forest biomass.

Further studies are recommended on the economic analysis of the technological base
conversion in addition to the environmental aspects presented here, as well as the social
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impacts, to enable the implementation of the most sustainable choice. In addition, it is
suggested to perform a quantification of carbon intensity considering the entire supply
chain form the acquisition of biomass used in the combustion process to the curing units,
thus contributing to the effective implementation of a low-carbon activity.
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Appendix A

Table A1. Detailed data of forest biomass types studied in the different curing units.

Biomass CU Analysis Biomass
Quantity Capacity Drying

Hours

Green
Tobacco

CU

Dry
Tobacco by

CU (kg)
kg/kg 1 EE 2 (kJ.kg) Cs 3

(kg/h)

E. saligna

Chongololo

01 4397.17 608,00 168,00 11,639.82 1988.16 2.21 8023.34 69.28
02 4631.89 608,00 168,00 11,639.82 1988.16 2.33 8451.63 69.28
03 3806.87 608,00 168,00 11,639.82 1988.16 1.91 6946.24 69.28

Average 4278.64 608,00 168,00 11,639.82 1988.16 2.15 7807.07 69.28
DP 425.09 0.00 0.00 0.00 0.00 0.21 775.64 0.00

Forced
Air

01 2004.98 270,00 168,00 5556.53 882.90 2.27 7555.10 33.07
02 2244.77 270,00 168,00 5556.53 882.90 2.54 8458.67 33.07
03 1532.05 270,00 168,00 5556.53 882.90 1.74 5773.02 33.07

Average 1927.27 270,00 168,00 5556.53 882.90 2.18 7262.26 33.07
DP 362.66 0.00 0.00 0.00 0.00 0.41 1366.56 0.00

Conventional

01 2508.48 500,00 168,00 5065.00 765.00 3.28 10,273.68 30.15
02 2378.00 500,00 168,00 5065.00 765.00 3.11 9739.29 30.15
03 2577.16 500,00 168,00 5065.00 765.00 3.37 10,554.97 30.15

Average 2487.88 500,00 168,00 5065.00 765.00 3.25 10,189.32 30.15
DP 101.17 0.00 0.00 0.00 0.00 0.13 414.33 0.00

E. dunnii

Chongololo

01 4712.00 608,00 168,00 11,639.82 1988.16 2.37 8608.44 68.04
02 3345.40 608,00 168,00 11,639.82 1988.16 1.68 5046.41 83.24
03 3345.40 608,00 168,00 11,639.82 1988.16 1.68 5098.99 83.24

Average 3800.93 608,00 168,00 11,639.82 1988.16 1.91 6251.28 78.17
DP 789.01 0.00 0.00 0.00 0.00 0.32 2041.53 8.78

Forced
Air

01 1586.68 270,00 168,00 5556.53 882.90 1.80 6996.52 28.59
02 1893.36 270,00 168,00 5556.53 882.90 2.14 6953.89 34.57
03 1904.10 270,00 168,00 5556.53 882.90 2.16 6418.03 38.16

Average 1794.71 270,00 168,00 5556.53 882.90 2.03 6789.48 33.77
DP 180.24 0.00 0.00 0.00 0.00 0.20 322.39 4.83

Conventional

01 2232.83 500,00 168,00 5065.00 765.00 2.92 11,086.36 23.85
02 2583.08 500,00 168,00 5065.00 765.00 3.38 12,289.14 27.00
03 2807.46 500,00 168,00 5065.00 765.00 3.67 9070.97 39.63

Average 2541.13 500,00 168,00 5065.00 765.00 3.32 10,815.49 30.16
DP 289.6 0.00 0.00 0.00 0.00 0.38 1626.10 8.35

Pellets Conventional

01 879.4 500,00 168,00 5065.00 765.00 1.15 3700.81 30.15
02 1185.00 500,00 168,00 5065.00 765.00 1.55 4986.88 30.15
03 900 500,00 168,00 5065.00 765.00 1.18 3787.50 30.15

Average 988.13 500,00 168,00 5065.00 765.00 1.29 4158.40 30.15
DP 170.80 0.00 0.00 0.00 0.00 0.22 718.79 0.00

1 kg of firewood per kg of dry tobacco. 2 Energy efficiency. 3 Drying capacity.
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Appendix B

Table A2. Oxygen as a reference.

Biomass Curing Unit
O2 CO2 CO CxHy NOx Speed

% 8% 8% mg/m3 8% 8% mg/m3 m/s

E. saligna

Chongololo Average 15.8 11.55 29,577.55 1.55 140.58 10.65
DP 0.92 0.04 7451.80 0.3 178.89 0.75

Forced Air
Average 11.92 10.02 15,557.85 1.05 130.86 7.9

DP 4.36 1.37 5542.56 0.51 84.8 0.19

Conventional
Average 14.27 11.6 7230.73 0.56 173.51 7.11

DP 0.99 0.02 4711.87 0.42 18.95 0.58

E. dunnii

Chongololo Average 13.36 11.54 14,896.03 1.86 218.22 7.21
DP 0.64 0.41 3037.96 1.39 37.89 1.25

Forced Air
Average 11.77 11.65 11,069.44 2.08 291.3 7

DP 3.41 2.28 1994.16 0.31 105.98 0.77

Conventional
Average 12.97 11.62 4679.00 1.31 85.12 6.37

DP 1.83 1.13 841.49 0.65 10.35 0.87

Pellets Conventional
Average 16.62 11.5 954.99 0.15 293.53 5.66

DP 1.33 0.02 1029.02 0.16 31.72 0.80

Where: O2 (oxygen). CO2 (carbon dioxide). CO (carbon monoxide). CxHy (Hydrocarbons). NOx (nitrous oxides).

Appendix C

Table A3. Emission factors in tonnes of carbon equivalent per kg of dried tobacco and per curing unit.

Biomass Curing Unit
tCO2-eq Per kg of Cured Tobacco

Sum
tCO2-eq Per Curing Unit

CO2 CO CxHy NOx CO2 CO CH4 N2O Total tCO2-eq /kg
Tobacco

E. saligna

Chongololo Average 0.005169 0.001644 0.004240 0.001628 0.012681 9.051969 2.722440 2.253041 4.311375 18.338825 0.009230
DP 0.002845 0.001280 0.000053 0.000133 0.004312 2.113565 1.332999 0.740527 1.417057 2.526774 0.004125

Forced Air
Average 0.008047 0.001389 0.005991 0.003163 0.018589 5.265811 0.859394 0.875335 1.675023 8.675563 0.011239

DP 0.003809 0.000831 0.000229 0.000160 0.005029 0.391185 0.231816 0.434920 0.832254 1.544437 0.004618

Conventional
Average 0.008404 0.000631 0.002625 0.003435 0.015095 5.383625 0.374547 0.900900 1.723944 8.383016 0.010552

DP 0.004643 0.000635 0.002454 0.000474 0.008205 0.440633 0.246379 0.501592 0.959837 1.958491 0.005212

E. dunnii

Chongololo Average 0.002029 0.000279 0.002696 0.001339 0.006343 4.070167 0.560477 2.275258 1.275818 8.181719 0.004078
DP 0.000510 0.000262 0.000664 0.000077 0.001512 0.575603 0.383738 0.364834 0.611185 1.935361 0.006016

Forced Air
Average 0.004813 0.000622 0.007131 0.004228 0.016792 4.445313 0.574095 1.047476 1.713841 7.780725 0.008423

DP 0.000906 0.000393 0.000124 0.000180 0.001603 0.473395 0.335219 0.201204 0.626260 1.636078 0.009221

Conventional
Average 0.008309 0.000316 0.005110 0.001406 0.015140 6.347137 0.241551 0.866250 0.754940 8.209879 0.010748

DP 0.005518 0.000098 0.001254 0.000085 0.006954 0.726216 0.045740 0.405511 0.017314 1.194781 0.003341

Pellets Conventional
Average 0.004523 0.000085 0.000505 0.004185 0.009298 3.582398 0.067517 0.898260 1.595012 6.143187 0.007755

DP 0.001778 0.000071 0.000192 0.000161 0.002203 0.430214 0.036707 0.407519 0.347953 1.222393 0.003401
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