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Abstract: Most of the charcoal in the world comes from small and medium-sized producers, using
rudimentary carbonization kilns that require significant time or energy during the heating and cooling
stages of the process. Despite advances in improving the performance, the influence of materials used
in the sidewalls of these kilns has been scarcely studied. Therefore, based on numerical simulations,
the present study analyses the thermal performance of cylindrical sidewalls composed of combina-
tions of metallic materials, ceramic materials, and insulating blankets grouped in three configurations:
configuration I (sidewall with just one material), configuration II (sidewall with two materials as-
sembled in series), and configuration III (pivoting sidewall). Results were encouraging, especially
when comparing kiln configuration I with the novel configuration III. Simulations suggested that the
proposed configuration III could reduce the heating time by 62%, the cooling time by 91%, the heat
supplied to sidewalls by 80%, and the heat loss to the external environment by 99.7%. The save of
wood charged into the charcoal kiln grew up to 7.3 times, varying the thickness of the inner layer of
the sidewall.

Keywords: charcoal; carbonization kilns; energy efficiency; numerical simulation; thermal analysis

1. Introduction

Currently, almost 17% of all the wood the world uses as fuel is used to produce charcoal.
In 2020, charcoal production was estimated at 54.7 million tons, of which almost 64% was
concentrated in Africa, followed by 29% equally distributed between Asia and Latin
America. In this scenario, Brazil appears to have the most significant world production of
charcoal, providing approximately 6.3 million tons in 2019 [1].

Unlike other countries, Brazil uses charcoal to replace coal in the production of pig
iron and steel [2], bringing environmental benefits due to the carbon sequestration and
the release of oxygen through photosynthesis in forests planted to produce charcoal. For
instance, to obtain one ton of pig iron using coal, 1.9 tons of CO2 are emitted, and 1.3 tons
of oxygen are consumed. Using charcoal to produce the same quantity of pig iron, about
1.1 tons of CO2 are sequestered, and 164 kilos of oxygen are generated, representing a
reduction of around three tons of CO2 [3]. Nevertheless, charcoal cannot wholly replace
coal in the pig iron production process due to its properties, such as low density, low
compressive strength, and low reactivity [4].

Considering that charcoal consumption represents 40% to 50% of pig iron production
costs [5], alternatives to make the carbonization process more efficient include the increase
of carbon yield in charcoal and reducing its production cycle time [5,6].

In Brazil, about 80% of the kilns used in charcoal production employ partial combus-
tion of the biomass load to supply the energy demanded by the carbonization process [7].
These kilns consume around 10% to 20% of the biomass placed inside [8]. In particular,
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masonry kilns, which use up to 20% of the wood mass to generate thermal energy, convert
about 60% of the wood mass into gases and vapours [9]. In such kilns, walls composed of
materials with insulating characteristics can considerably reduce the energy consumption
during the heating stage.

According to Syred et al. (2006) [10], charcoal production occurs in the following
stages: (i) the temperature is raised from room temperature to 110 ◦C, and the wood
absorbs thermal energy and releases water vapor; (ii) the temperature remains close to
100 ◦C until all moisture is eliminated; (iii) the temperature is raised from 110 ◦C to 270 ◦C,
and the wood begins to decompose, releasing some gases, such as carbon monoxide and
carbon dioxide, and liquids, such as acetic acid and methanol; (iv) the temperature is raised
from 270 ◦C to 290 ◦C and the endothermic reaction of the wood occurs; (v) temperatures
above 270 ◦C allow the subsequent breakage of the wood to occur spontaneously; (vi) the
temperature is raised from 290 ◦C to 400 ◦C; with further decomposition, various gases are
released, such as carbon monoxide, carbon dioxide, hydrogen, and methane, in addition to
condensable vapours such as water, acetic acid, methanol, and acetone. Wood tars begin
to predominate as the temperature rises; (vii) temperature around 400 ◦C to 600 ◦C; the
carbonization process is complete with charcoal as the main product.

Wood carbonization is a slow process. The heating rate needs to be controlled to
preserve the quality of the charcoal obtained in this process [6]. Good results in physic-
ochemical properties and laboratory yield of coal are achieved with heating rates below
1.67 ◦C/min [11,12].

Once the heating stage is over, the kiln starts to cool down to reduce the internal
temperature to around 50 ◦C, allowing the kiln to be opened and the charcoal produced
to be handled safely [7,13,14]. In this phase, there is no need to control the cooling rate
because the physical–chemical quality of the charcoal is not affected by the cooling speed.
In this sense, it is advantageous that the cooling occurs as soon as possible to reduce the
time taken for charcoal production [13,14].

Materials of kiln walls used for charcoal production require antagonistic characteristics.
While walls with excellent thermal insulator features are required during the heating stage,
they also must behave as excellent thermal conductors in the cooling stage. Using a
mathematical model, Bustos-Vanegas et al. [15] and Bustos-Vanegas [16] verified that
materials with lower thermal conductivity of a masonry kiln minimize energy losses during
the heating stage of carbonization, but they also extend the cooling time.

Despite the importance of the configuration and materials used in the construction of
the kiln’s walls, as far as we know, no study systematically assesses their influence on the
parameters of performance of the carbonization process. This work performs an analysis
based on numerical simulations aiming to contribute to filling the gap.

2. Materials and Methods

Figure 1 shows the steps to evaluate the influence of configurations and materials used
in the kiln’s sidewalls on the thermal performance parameters.
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Figure 1. Sequence for the thermal analysis of configurations and sidewalls materials of the kiln.

Details of these steps are presented as follows.

2.1. Configuration of the Kiln’s Sidewalls

Figure 2 illustrates the configuration schemes of the studied carbonization kilns, which
were all built with cylindrical sidewalls. In configuration I, the sidewall of the kiln has
just one material (material 1). On the other hand, in configuration II, the sidewalls are
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composed of two materials (material 1 and material 2) assembled in series. The inner face
of material 1 is kept in contact with the carbonization environment, whereas the outer
face of material 2 is exposed to the external atmosphere. Finally, in configuration III, the
kiln includes a pivoting door mechanism, which allows using a sidewall composed of
two layers (materials 1 and 2) during the heating stage, and a sidewall of only one layer
(material 1) in the cooling stage. In this configuration, material 2 of the sidewall is removed
after finishing the carbonization stage, leaving the external face of material 1 exposed to the
atmosphere. Materials 1 and 2 were chosen with the properties of a good heat conductor
and thermal insulator, respectively.
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Figure 2. Carbonization kiln configurations: (I) fixed sidewall composed of material 1; (II) fixed side
wall composed of materials 1 and 2; (III) pivoting sidewall for the heating stage with materials 1 and
2, and the cooling stage with material 1.

In all configurations, the internal diameter of the kiln was 2.8 m, and the height of
its sidewalls was 2 m [17]. The external diameter of the sidewalls varied according to the
materials’ thicknesses.

2.2. Selection of Materials for the Sidewalls

The choice of materials 1 and 2 was carried out by following the steps and criteria
featured in Figure 3.

The first requirement of the selected material is to withstand a maximum working
temperature equal to or higher than 450 ◦C, which is close to the temperature of the
carbonization process. Temperatures lower than this on the inner face of the kiln’s sidewalls
were reported in previous works [18–20].

Regardless of the sidewall configuration, material 1 must have good corrosion resis-
tance to the gases generated from the carbonization process. Such a requirement is not
necessary for material 2 of the sidewall.
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Figure 3. Flowchart used for the material selection of sidewalls.

In the case of walls composed of two materials, it is necessary to compare their thermal
expansion coefficients; the closer the coefficient values, the safer the kiln operation will
be due to relieving mechanical stress during the heating stage. In such cases, it is also
necessary to evaluate the possibility of galvanic corrosion due to the potential difference.
In this sense, choosing materials further apart in the galvanic series should be avoided. The
properties of the metallic materials selected in this study are summarized in Table 1

On the other hand, insulating and ceramic materials features are presented in Tables 2 and 3.
Since not all of them follow a standardized terminology, they were identified according to
the chemical compositions provided by manufacturers.
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Table 1. Thermophysical properties of the selected metallic materials.

Material Symbol
Density Thermal

Conductivity Specific Heat Emissivity
Ref.

(kg/m3) (W/m·K) (J/kg·K) -

AISI 1020 A1 7940 51.9 438 0.32 [21,22]
AISI 309 S B1 7800 15.9 503 0.40 [22,23]
AISI 410 S C1 7700 25.2 498 0.40 [22,24]

Nimonic 75 D1 8400 15.6 455 0.40 [22,25]
AISI 316 L E1 7980 15.0 460 0.40 [22,26]

Table 2. Composition of the selected insulating blankets and ceramic materials.

Material Symbol
Concentration (wt%)

Al2O3 SiO2 Fe2O3 CaO MgO Fe2O3 + TiO2 Na2O + K2O CaO + MgO Na,O,K

Insulating blanket A2 44 56 - - - 0.15 0.1 0.05 -
Insulating blanket B2 - 60 <1 29 7 - - - -
Insulating blanket C2 45 54 ≤0.15 - - - ≤0.2 ≤0.1 -
Insulating blanket D2 48 51 - - - 0.2-0.4 - - -
Insulating blanket E2 45 54 ≤0.15 - - - ≤0.2 ≤0.1 -
Typical brick (clay) F2 - - - - - - - - -
Brick (refractory) G2 - - - - - - - - -

Mortar with cement,
sand, and stone H2 - - - - - - - - -

Table 3. Thermophysical properties of the selected insulating blankets and ceramic materials.

Material
Density Thermal

Conductivity Specific Heat Emissivity
Ref.

(kg/m3) (W/m·K) (J/kg·K) -

A2 96 0.06 750 0.32 [22]
B2 128 0.048 850 0.32 [22]
C2 96 0.065 730 0.32 [22]
D2 62 0.08 710 0.32 [22]
E2 96 0.07 800 0.32 [22]
F2 1922 0.72 800 0.95 [22]
G2 1920 0.90 790 0.75 [22]
H2 1860 0.72 840 0.90 [22]

2.3. Thermal Analysis of the Kiln’s Sidewalls

Thermal performance parameters related to the kiln’s sidewalls, such as total heat
supplied, heat loss to surroundings during the heating stage, and heating and cooling times
were assessed using computational simulation. In these simulations, the thermochemical
phenomena of the carbonization process were not considered. Instead, boundary conditions
were imposed on the sidewalls based on existing data in the literature to compare the
relative performance that resulted from the choices made for the kiln’s configuration and
materials used in the sidewalls.

The features of each thermal performance parameter were based on the
literature [4,12,13,16,17,27–30], and they are summarized as follows:

1. Total heat supplied to the sidewall: the total thermal energy added to the sidewall to
raise the temperature of the inner surface of the kiln from 25 ◦C up to 300 ◦C during
the heating stage;

2. Heat loss from sidewalls: the total thermal energy delivered by sidewalls to the
external environment during the heating stage;
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3. Heating time: the time required for the inner surface of the sidewall to heat up to
300 ◦C [17,31] from an initial temperature of 25 ◦C;

4. Cooling time: the time required for the inner surface of the sidewall to cool from
300 ◦C up to 50 ◦C. This final temperature was considered safe to open the kiln after
finishing a carbonization cycle [11,31].

2.3.1. Heat Transfer Model

The thermal analysis of the kiln’s sidewalls was performed for the heating and cooling
stages. Thus, for transient conditions, heat transfer only in the radial direction, absence of
internal energy generation, and isotropic materials, the heat diffusion through the sidewalls
is given by Equation (1) [22]:

1
r

∂

∂r

(
r

∂Tl(r,t)

∂r

)
=

1
α

(
∂Tl(r,t)

∂t

)
rl−1 < r < rl ; t < 0 ; l = 1, 2 (1)

where Tl indicates the temperature of material l in the sidewall. For composite sidewalls,
perfect contact was assumed at the interface between materials 1 and 2. Therefore, at the
interface, Equation (2) applies:

kl
∂Tl(r,t)

∂r
= kl+1

∂Tl+1(r,t)

∂r
with Tl(r,t) = Tl+1(r,t); t > 0 (2)

The boundary conditions applied to the internal and external surfaces of the sidewalls,
as well as the respective initial conditions, are described as follows.

• Heating stage: the boundary condition for the inner face of the sidewall is given by
Equation (3):

− k1(r)
∂T1(r,t)

∂r
= q′′0 r = r0 ; t > 0 (3)

where q′′0 is the heat flux applied to the inner surface of the sidewall. On the other
hand, for the outer face of the sidewall in contact with its surroundings, the boundary
condition is given by Equation (4):

− k2
∂T2(r,t)

∂r
= h

(
T2(r,t) − T∞

)
+ ε2σ

(
T4

2(r,t) − T4
viz

)
r = r2; t > 0 (4)

Finally, the initial condition is established by Equation (5):

Tl(r,0) = Ti rl−1 < r < rl ; t = 0, ; l = 1, 2 (5)

• Cooling stage: for this stage, the boundary condition is given by Equation (6), which
assumes that the inner face of the sidewall is adiabatic:

∂T1(r,t)

∂r
= 0 r = r0 ; t > 0 (6)

• For the outer face of the sidewall, Equation (4) is considered. The initial condition for
the cooling stage is described by Equation (7):

Tl(r,0) = Tl, f (r) rl−1 < r < rl ; t = 0, ; l = 1, 2 (7)

where Tl, f (r) is the temperature reached at the end of the heating stage at radius r of
the respective sidewall.

Equations of the mathematical models were solved using the program ANSYS®

2020/R1-Transient Thermal/Mechanical module.
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2.3.2. Simulation Procedure and Calculation of the Thermal Performance Parameters

The simulations were conducted to determine the effects of the kiln’s configuration (I,
II, and III), the selected sidewall’s material, and its thickness on the previously described
thermal performance parameters. According to the stage of the charcoal production cycle,
the simulation procedure was as follows:

• Heating stage: for all simulated cases, it was considered the application of constant
and uniform heat flux of 3800 W/m2 on the inner face of the sidewalls, which is
held until the surface temperature reaches 300 ◦C [15,19,31]. This heat flux stands for
approximately 10% of the total chemical energy of the wood loaded into the kiln and
released as combustion thermal energy during a period of 9 h [32].

For this stage, the heat loss from sidewalls (Q) and the total heat supplied to the
sidewalls (Etot) were calculated according to Equations (8) and (9), respectively.

Q = Ae

∫ t=th

t=0
q′′dt (8)

Etot = q0
′′ th Ai (9)

where q′′ is the heat flux released from the outer face of the sidewall as a function of time;
Ae is the area of the outer face of the sidewall. Additionally, q0

′′ stands for the constant heat
flux applied to the inner face of the sidewall; th is the time of the heating stage; Ai, the area
of the inner face of the sidewall.

• Cooling stage: in this stage, simulations consider that the inner face of the sidewall is
adiabatic and that the outer face of the sidewall loses heat by convection and thermal
radiation with the environment at 25 ◦C. The performance parameter assessed during
this stage is the cooling time of the sidewall. This time ends when the temperature
of the inner face of the sidewalls reaches the value of 50 ◦C, which is an appropriate
condition for opening the kiln [18].

3. Results and Discussion

Results presented in this section are discussed in terms of the influence produced by the
kiln’s side-wall configurations and the thickness of material 1 on the thermal performance
parameters. A two-way ANOVA test was applied first to assess the existence of significant
differences brought by combinations of configurations and materials [33]. Afterward,
Duncan’s test (Duncan’s multiple ranges) was used to compare sets of means [34].

3.1. Total Heat Supplied to the Sidewall

Figure 4 shows the influence of material 1, its thickness, and the kiln’s configuration
on the total heat supplied to the sidewall.

Figure 4a shows that for the metallic materials selected and configuration I, the heat
supplied to the kiln’s sidewall grows similarly for materials B1, C1, D1, and E1. For material
A1, the energy delivered to the sidewall was, on average, approximately 40% lower than
for the other metallic materials.
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(configuration II or III-no pivoting sidewall).

On the other hand, when employing sidewalls composed of ceramic materials on
configuration 1, an increase in the amount of heat supplied up to the thickness of 100 mm
was noted. Beyond this thickness, the heat supplied to the sidewalls was kept around
the same value. For this situation, the ceramic material G2 demanded approximately
22% higher thermal energy than the others. By comparing Figure 4a,b in terms of total
heat supplied, it was noted that metallic sidewalls with thicknesses close to 7 mm were
equivalent to ceramic sidewalls with thicknesses around 100 mm. Therefore, considering
the same boundary conditions imposed on the sidewalls and kiln’s configuration, sidewalls
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composed of one layer of the metallic material had an advantage over ceramic ones up to a
specific sidewall thickness value.

Figure 4c evaluates the amount of heat supplied for kiln configurations II and III using
combinations of two metallic materials (A1 and E1) as material 1, besides one option for
ceramic material (F2) and two insulating blankets (A2 and B2) as material 2 to compose the
sidewall. In simulations, the thickness of material 2 was kept constant (50 mm).

All curves showed that the amount of heat supplied increased at a higher thickness of
the internal metallic material. However, for the sidewall composed of materials E1 + F2,
it was noted that the growth in the heat supplied tended to diminish when the thickness
of the metallic material was increased, suggesting that the ceramic material brought a
favourable effect.

As expected, for sidewalls composed of metallic materials and insulting blankets,
combinations performed similarly, and they required less energy when compared to the
use of the ceramic material F2. Table 4 shows the reduction in total heat provided to the
sidewalls when composed of materials A1 + B2 or E1 + B2 in configuration II or III to
sidewalls built with only materials A1 or E1 (configuration I), respectively.

Table 4. Reduction in total heat supplied to sidewalls A1 + B2 or E1 + B2 (configuration II or III-no
pivoting door) compared to sidewalls A1 or E1 (configuration I).

Kiln’s
Configuration

Materials of the
Sidewall

Energy (kWh)

3 (mm) 7 (mm) 15 (mm) 20 (mm) *

I A1 28.97 67.78 146.71 195.92
II or III A1 + B2 16.27 36.21 75.58 100.09

Reduction 44% 47% 48% 49%

I E1 42.43 102.14 210.77 277.63
II or III E1 + B2 8.94 19.99 41.73 55.22

Reduction 79% 80% 80% 80%

* Thickness of material 1.

Table 5 summarizes the results obtained from a two-way ANOVA without replications
to identify the existence of statistical differences among combinations.

Table 5. Two-way ANOVA applied to results of the total heat supplied to the sidewalls.

Case Material Type Source of Variation F Fcritical F > Fcritical

Results obtained for
configuration I

Metallic materials
Materials of the sidewall 186.23 3.49 yes
Thickness of material 1 9.70 3.26 yes

Ceramic materials
Materials of the sidewall 13.24 3.84 yes
Thickness of material 1 102.42 4.46 yes

Results obtained for
configuration II or III

Layered materials Materials of the sidewall 26.89 3.86 yes
Thickness of material 1 65.92 3.86 yes

Comparative results for
configuration I versus II or III

Layered materials Materials of the sidewall 35.18 3.01 yes
Thickness of material 1 9.39 2.36 yes

The results from Table 5 indicate that the differences among the means are statistically
significant in all cases. Therefore, Duncan’s test was applied to assess the statistical equality
of configurations I, II or III separately, and configuration I in comparison with configuration
II or III using different materials and thicknesses (Table 6).
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Table 6. Duncan’s test for total heat supplied to the sidewall for different sidewall configurations,
materials, and material thickness.

Case

Duncan (Confidence Interval of 95%)

Sidewall
Material Group Thickness

Material 1 Group

Results obtained for
configuration I

C1 A 20 A
B1 A 15 B
D1 A 7 C
E1 A 3 D
A1 B

G2 A 250 A
H2 B 150 A
F2 B 200 A

100 A
50 B

Results obtained for
configuration II or III

E1 + F2 A 20 A
A1 + A2 B 15 B
A1 + B2 B 7 C
E1 + B2 C 3 C

Comparative results for
configuration I versus II or III

C1 A 20 A
B1 A B 15 B

E1 + F2 A B 7 C
D1 A B 3 D
E1 A B
A1 B C

A1 + A2 C D
A1 + B2 C D

The means followed by the same letter are not different at the confidence level of 95%.

Table 6 suggests that for configuration I, only material A1 presented a different result
from the other metallic materials; in terms of thickness, all results were different. Among
the ceramics, the G2 material differed from the others; as for the thicknesses, only the
50 mm material presented different results.

For configuration II or III, only the means for materials A1 + A2 and A1 + B2 were the
same. In addition, considering the material 1 thickness, 3 mm and 7 mm layers had similar
results for materials A1 + B2 and E1 + B2.

Results of configuration I versus configuration II or III were similar for the following
groups of sidewall materials: C1, B1, E1 + F2, D1, and E1; B1, E1 + F2, D1, E1, and A1; A1,
A1 + A2, and A1 + B2. On the other hand, the results for each thickness were all different.

3.2. Heat Loss from Sidewalls

Figure 5 features the influence of the kiln’s configuration, materials used in sidewalls,
and their thicknesses on heat loss to the external environment during the heating stage.

For configuration I, results show a progressive increase in the dissipated heat from
sidewalls built with metallic materials as their thickness increases, which is a consequence
of the high thermal diffusivity and temperatures on the outer surfaces in contact with
the external environment. Material B1 promoted the highest dissipated heat for this
configuration, while material A1 had the lowest. By comparing these two materials using
sidewalls with a thickness of 20 mm, the reduction in heat loss was about 63%. This
suggests that relevant differences in heat loss come out even among steels.
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Figure 5. Heat loss through the sidewalls during the heating phase for different thicknesses and
configurations; (a) metallic materials (configuration I); (b) ceramic materials (configuration I); and
(c) material composition (configuration II or III–without pivoting side walls).

Figure 5b illustrates the results of the dissipated heat for configuration I using ceramic
materials. In this case, an exponential decrease in heat loss for all materials was verified,
which becomes almost insignificant and approximately constant at a thickness of the
sidewall greater than 100 mm.

By comparing Figure 5a,b, it is noted that all ceramic materials with thicknesses greater
than 100 mm allowed less heat loss than metallic materials with thicknesses close to 3 mm
or more.

Figure 5c shows the effect of the material used in the inner and outer layers of the
kiln’s sidewall and the variation in thickness of the inner layer material for configurations II
and III. As expected, the curves indicate that sidewalls composed of materials E1 + F2 pro-
moted higher heat dissipation than the other sets of materials, which include an insulating



Energies 2022, 15, 5872 12 of 21

blanket. Furthermore, results from Figure 5b,c suggest that one layer of ceramic material
(configuration I), with a thickness greater than 100 mm, leads to the similar performance of
insulating blankets used along with metallic materials in configuration II or III.

By comparing Figure 5 ac, it is evident that insulating materials play an essential role in
reducing heat loss during the heating stage. Table 7 summarizes the reduction in heat dissi-
pated when sidewalls composed of materials A1 + B2 or E1 + B2 in configuration II or III are
used instead of sidewalls built with only material A1 or E1 (configuration I), respectively.

Table 7. Reduction of heat loss from sidewalls A1 + B2 or E1 + B2 (configuration II or III) compared
to sidewalls A1 or E1 (configuration I).

Kiln’s
Configuration

Materials of the
Sidewall

Energy (kWh)

3 (mm) 7 (mm) 15 (mm) 20 (mm) *

I A1 15.80 36.35 57.92 70.65
II or III A1 + B2 0.05 0.51 0.91 1.52

Reduction 99.7% 99% 98% 98%

I E1 25.20 56.81 137.55 190.94
II or III E1 + B2 0.06 0.37 0.79 1.65

Reduction 99.8% 99% 99% 99%

* Thickness of material 1.

Table 8 shows the two-way ANOVA applied to the sidewall heat loss results.

Table 8. Two-way ANOVA applied to the sidewall heat loss results.

Case Material Type Source of Variation F Fcritical F > Fcritical

Results obtained for
configuration I

Metallic materials
Materials of the sidewall 34.41 3.49 yes
Thickness of material 1 5.24 3.25 yes

Ceramic materials
Materials of the sidewall 8.34 3.83 yes
Thickness of material 1 1.38 4.45 yes

Results obtained for
configuration II or III

Layered materials Materials of the sidewall 2.70 3.86 no
Thickness of material 1 9.17 3.86 yes

Comparative results for
configuration I versus II or II

Layered materials Materials of the sidewall 9.23 3.00 yes
Thickness of material 1 8.41 2.35 yes

Results indicate that just sidewalls composed of the layered materials used for configu-
rations II or III allow heat loss in a similar way. Table 9 presents the respective Duncan’s test.

Duncan’s test showed that for configuration I, only material A1 led to a different result
from the other metallic materials. In addition, the results for the thicknesses of the metallic
materials were all different. Among the ceramics, there was no difference in heat loss, but
as the sidewall thicknesses for these materials were compared, only the thickness of 50 mm
resulted in a significant difference.

For configuration II, only the set of materials E1 + F2 presented a different result from
the others, and considering the thickness of the layer 1 material, all effects were the same.

On the other hand, results for the sidewall composed of material A1 were similar
to those obtained for the sidewall built of materials E1 + F2 when configuration I was
compared with configuration II or III.
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Table 9. Duncan’s test for heat loss from sidewalls of different configurations, materials, and mate-
ria thicknesses.

Case
Duncan (Confidence Interval of 95%)

Sidewall
Material Group Thickness of

Material 1 Group

Results obtained for
configuration I

B1 A 20 A
D1 A 15 B
E1 A 7 C
C1 A 3 D
A1 B

G2 A 50 A
F2 A 100 B
H2 A 150 B

200 B
250 B

Results obtained for
configuration II or III

E1 + F2 A 20 A
A1 + A2 B 15 A
A1 + B2 B 7 A
E1 + B2 B 3 A

Comparative results
for configuration I

versus II or II

B1 A 20 A
D1 A 15 A
E1 A 7 B
C1 A B 3 B
A1 B C

E1 + F2 C
A1 + A2 C
A1 + B2 C
E1 + B2 C

The means followed by the same letter are not different at the confidence level of 95%.

3.3. Heating Time

Curves from Figure 6 illustrate the effect of the kiln’s configuration, sidewall mate-rial,
and the material thickness on the heating time.

figfig:energies-1772916-f006a shows that for all metallic materials used in configura-
tion I, there was an increase in the heating time as thicker sidewalls were used. In addition,
sidewalls composed of only material A1 featured the shortest heating time for all thick-
nesses compared to the other materials. It also led to the most significant reduction, of
about 37% in the heating time regarding material C1 with the same thickness.

Figure 6b depicts the results of the heating time for ceramic materials using configura-
tion I. Even though all materials evaluated promoted the same trend, sidewalls composed
of materials F2 and H2 presented very similar heating times in the thickness range, 19%
lower than those obtained using material G2 for thickness greater than 100 mm. For the
three materials assessed, the influence of the sidewall’s thickness on the heating time
occurred only for sidewalls finer than 100 mm.
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Figure 6. Heating time for different thicknesses and configurations. (a) metallic materials (configu-
ration I); (b) ceramic materials (configuration I); and (c) material composition (configurations II or
III-on-pivoting sidewall).

In Figure 6c, which presents the results obtained in simulations for kiln’s configura-
tions II or III, all heating times also grew as the inner layer of the sidewall became thicker.
The most significant variation in heating time for the same thickness of the inner layer was
around 56%, which occurred between the composed sidewalls E1 + F2 and A1 + A2.

Table 10 indicates the reduction in heating time using sidewalls composed of materials
A1 + B2 and E1 + B2 compared to those built solely with material A1 or E1, respectively.
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Table 10. Reduction in heating time for sidewall A1 + B2 or E1 + B2 (configuration II or III) compared
to sidewalls A1 or E1 (configuration II or III, non-pivoting sidewall).

Kiln’s
Configuration

Materials of the
Sidewall

Time (h)

3 (mm) 7 (mm) 15 (mm) 20 (mm) *

I A1 0.43 1.01 2.19 2.93
II or III A1 + B2 0.24 0.54 1.13 1.50

Reduction 44% 47% 48% 49%

I E1 0.66 1.53 3.15 4.15
II or III E1 + B2 0.25 0.57 1.19 1.57

Reduction 62% 63% 62% 62%

* Thickness of material 1.

Tables 11 and 12 show the results obtained from the two-way ANOVA and the
Duncan’s test, respectively. They suggest that there are significant differences in all
cases analysed.

Table 11. Two-way ANOVA applied to the results of heating time.

Case Material Type Source of Variation F Fcritical F > Fcritical

Results obtained for
configuration I

Metallic materials
Materials of the sidewall 186.09 3.49 yes
Thickness of material 1 9.72 3.26 yes

Ceramic materials
Materials of the sidewall 22.07 3.84 yes
Thickness of material 1 123.70 4.46 yes

Results obtained for
configuration II or III

Layered materials Materials of the sidewall 84.62 3.86 yes
Thickness of material 1 133.84 3.86 yes

Comparative results for
configuration I versus II or II

Layered materials Materials of the sidewall 43.76 3.01 yes
Thickness of material 1 9.31 2.36 yes

As also observed for the heat loss parameter, results from Table 12 indicate that for
configuration I, only material A1 led to a different result from the other metallic materials.
Among ceramics, material G2 showed a significant difference. Regarding the thickness of
these materials, only that of 50 mm produced a different effect.

Evaluating configuration II or III, only the set of materials E1 + F2 presented a different
result from the others; considering the thickness of the layer 1 material, all the results
were different.

For configuration I versus configuration II or III, only material A1 and composite
material E1 + B2 showed significant equality; comparing the thicknesses of material 1, all
results were different.

3.4. Cooling Time

Figure 7 provides information about the influence of the kiln’s configuration, materials,
and thicknesses used in the sidewall on the cooling time.
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Table 12. Duncan’s test for heating time using different sidewall configurations, materials, and
material thicknesses.

Case
Duncan (Confidence Interval of 95%)

Sidewall
Material Group Thickness of

Material 1 Group

Results obtained for
configuration I

C1 A 20 A
B1 A 15 B
D1 A 7 C
E1 A 3 D
A1 B

G2 A 250 A
F2 B 150 A
H2 B 200 A

100 A
50 B

Results obtained for
configuration II or III

E1 + F2 A 20 A
E1 + B2 B 15 B
A1 + A2 B 7 C
A1 + B2 B 3 D

Comparative results
for configuration I

versus II or II

C1 A 20 A
B1 A 15 B

E1 + F2 A 7 C
D1 A 3 D
E1 A B
A1 B C

E1 + B2 C
A1 + A2 C
A1 + B2 C

The means followed by the same letter are not different at the confidence level of 95%.
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Figure 7. Cooling time for different thicknesses and configurations. (a) metallic materials (config-
uration I); (b) ceramic materials (configuration I); (c) material composition (configuration II); and
(d) material composition (sidewall pivoting III configuration).

Figure 7a,b show that the cooling times for metallic and ceramic materials have a
similar trend, even though the latter grows less as the thickness increases. They also
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evidence the advantage of using sidewalls built of only one metallic material during the
cooling stage, once it meets structural function even using fine layers. Table 13 compares
the performance of configurations II and III (pivoting sidewall) for several thicknesses of
the materials.

Table 13. Influence of the kiln’s configurations III (pivoting sidewall) and II on the cooling time.

Materials of the
Sidewall

Thickness of
Material 1 (mm)

Cooling Time (h) Time
ReductionConfiguration II Configuration III

E1 + B2

3.00 10.83 0.99 91%
7.00 23.61 2.18 91%
15.00 48.61 4.65 90%
20.00 63.89 6.19 90%

A1 + A2

3.00 8.47 0.96 89%
7.00 18.44 2.25 88%
15.00 37.92 4.82 87%
20.00 50.00 6.42 87%

A1 + B2

3.00 10.42 0.96 91%
7.00 22.50 2.25 90%
15.00 46.39 4.82 90%
20.00 61.11 6.42 89%

E1 + F2

3.00 12.00 0.99 92%
7.00 15.00 2.18 85%
15.00 20.00 4.65 77%
20.00 23.06 6.19 73%

Results from simulations suggest that configuration III with pivoting sidewall could
save more than 73% in the cooling time, which would be representative to increase the
performance of the carbonization process.

Tables 14 and 15 summarize the results obtained from the two-way ANOVA and the
Duncan’s test, respectively.

Table 14. Two-way ANOVA applied to the cooling time results.

Case Material Type Source of Variation F Fcritical F > Fcritical

Results obtained for
configuration I or III

Metallic materials
Materials of the sidewall 6221.89 3.49 yes
Thickness of material 1 5.55 3.26 yes

Ceramic materials
Materials of the sidewall 5322.33 3.84 yes
Thickness of material 1 27.28 4.46 yes

Results obtained for
configuration II

Layered materials Materials of the sidewall 5743.29 3.86 yes
Thickness of material 1 3.82 3.86 yes

Comparative results for
configuration I or III versus II

Layered materials Materials of the sidewall 8.24 3.01 yes
Thickness of material 1 9.7 2.36 yes

Results from Table 14 indicate that the differences among the means are statistically
significant in all cases.

Table 15 shows that for configuration I or III, the groups of metallic materials, B1, C1,
and D1; C1, D1, and A1; and A1 and E1, presented the same effect; however, the results pro-
duced by the sidewall thicknesses for these materials were different. On the other hand, re-
sults for the ceramic materials were all different, as were the results among the thicknesses.
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Table 15. Duncan’s test for cooling time using different sidewall configurations, for different materials,
and material thicknesses.

Case
Duncan (Confidence Interval of 95%)

Sidewall
Material Group Thickness of

Material 1 Group

Results obtained for
configuration I or III

B1 A 20 A
C1 A B 15 B
D1 A B 7 C
A1 B C 3 D
E1 C

G2 A 250 A
H2 B 200 B
F2 C 150 C

100 D
50 E

Results obtained for
configuration II

A1 + A2 A 20 A
A1 + B2 A B 15 B
E1 + B2 B C 7 C
E1 + F2 C 3 D

Comparative results for
configuration I or III versus II

E1 + B2 A 20 A
A1 + B2 A 15 A
A1 + A2 A B 7 B
E1 + F2 B C 3 B

B1 C
C1 C
D1 C
A1 C
E1 C

The means followed by the same letter are not different at the confidence level of 95%.

Comparing the results obtained using configuration II, the groups of composite ma-
terials: A1 + A2, and A1 + B2; A1 + B2, and E1 + B2; E1 + B2, and E1 + F2, led to similar
influence. Considering the thicknesses of material 1, all effects were different.

Finally, when analysing the configuration I or III versus configuration II, it was ob-
served that the material B1 and the composite material E1 + F2 produced a similar effect. In
addition, no significant difference in results was noticed for the following pairs of sidewall
thicknesses: 15–20 mm, and 3–7 mm.

3.5. Reduction of the Wood Charge

To outstand the importance of materials and sidewall configurations assessed in this
study, Table 16 shows the equivalent mass of wood that could be saved during the charging
of the charcoal kiln. These results were obtained for the case of the higher energy savings
reached from simulations, which corresponded to the heating stage using configuration II
or III with sidewalls composed of materials E1 + B2 in regard to configuration I using only
sidewalls composed of material E1 (reduction of total heat supplied in Table 4).

Table 16. Maximum reduction in the kiln’s charge by using several woods.

Biomass
Mass (kg)

3 (mm) 7 (mm) 15 (mm) 20 (mm) *

Residues from Pinus
sylvestris L. [35] 7.62 18.75 38.57 50.75

Pinus sp. [36] 7.47 18.34 37.74 49.65
Eucalyptus sp. [36] 6.99 17.15 35.29 46.43

* Thickness of material 1.
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It is known that the physical and energetic properties of wood can be changed if the
biomass undergoes some treatment, such as briquetting or pelleting [35]. By applying these
treatments, it is possible to modify the characteristics of the biomass and so the available
energy for the charcoal production process. However, due to technological constraints,
most of the charcoal kilns are still charged using wood without any modification in its
energetic density. Results summarized in Table 16 were obtained considering the lower
heating value of three different untreated biomasses [36,37]. They show that the save
of wood charged into the kiln varies proportionally to the thickness of material 1 in the
sidewall, covering the maximum range from 6.99 to 50.75 kg.

4. Conclusions

Using numerical simulations, the present study compared the influence of sidewalls
of different materials and thicknesses as well as kiln configurations on the variation of four
thermal parameters: heat supplied to the side wall, heat loss from sidewalls; heating time,
and cooling time.

It was found that sidewalls composed of stainless steel AISI 410 S in configuration I
need to absorb a higher quantity of heat under the boundary and initial conditions imposed
for all cases. Similarly, sidewalls with a combination of stainless steel AISI 316 L and an
insulating blanket in configuration II or III led to spending more time for heating and
cooling, which contributes to making the cycle of charcoal production longer.

A new alternative of sidewall configuration for kilns used in charcoal production was
analysed. Such a proposal uses a pivoting mechanism to reduce or accelerate the heat loss to
the environment during the heating or cooling stage. By comparing with the configuration
I using the same materials and thicknesses of the inner layer of the sidewalls, the results
obtained for the moving sidewall were encouraging. In terms of heating and cooling times,
heat supplied to the sidewalls, and heat loss to the environment, the reductions were up to
62%, 91%, 80%, and 99.7%, respectively. Finally, it was found that for the condition of lower
energy loss across the kiln’s sidewall, the charge of wood can be reduced by approximately
7.3 times when the thickness of material 1 varies from 3 to 20 mm.
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