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Abstract: The global charcoal trade is steadily growing, with high-income countries importing
significant quantities of this material from regions where its production is often associated with
severe environmental issues, including forest overexploitation, illegal logging, and environmental
pollution. Promoting local charcoal production in high-income countries is crucial to addressing
these challenges. In this study, we have chosen to focus on the European context, specifically
emphasizing Italy as a case study. Our study aimed to comprehensively compare five distinct
charcoal production systems, including both traditional and modern solutions, with a specific focus
on evaluating the quality of the resulting charcoal. Additionally, improvements were evaluated to
enhance production efficiency. Traditional systems cannot satisfy production requests, resulting in
inefficiencies in manpower, costs, times, and yield. Conversely, recent innovations consider mobile
and stationary kiln prototypes. Mobile kilns offer flexibility and cost savings but require operator
expertise, limit automation, and have long cycles. In contrast, stationary systems operate continuously,
increasing productivity and efficiency, despite higher investment costs. Notably, charcoal quality
showed minimal differences. These findings highlighted the potential of new technologies to enhance
efficiency, reduce cost and environmental impact, and promote sustainable charcoal production.
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Charcoal is the product obtained from the pyrolytic process of organic material (mainly
wood) conducted at low oxygen concentrations and temperatures to avoid the complete
combustion of biomass into ashes [1-5]. Based on the heating rate, residence time, and
Academic Editor: Robert H. Beach temperature used, pyrolysis can be distinguished into slow (carbonization), intermediate,
and fast [3]. For charcoal production, carbonization is preferred, involving the use of low
temperatures, heating rates, and extended residence times [6]. In addition to charcoal,
the carbonization of biomass also produces liquids and gases with various proportions
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Published: 24 November 2023 according to the temperature used [6-10].
Charcoal offers several advantages compared to woody raw materials. It has a higher
heating value and energy density while being lightweight, making it easier to transport [11,12].

These characteristics have established charcoal as a significant energy source for cooking
Copyright: © 2023 by the authors.  worldwide. While it has traditionally been a primary fuel in low- and middle-income
Licensee MDPI, Basel, Switzerland. - countries [13], its usage is also rising in high-income countries, driven by the recent increase
in the popularity of charcoal grilling. This trend is evident both in household barbecues
and professional charcoal restaurants, due to its distinctive smoky flavor and aroma [14].
Data from the Food and Agriculture Organization (FAO) underscores a significant
increase in charcoal imports to North America and Europe since 2000 [15]. In Europe,
only a quarter of the charcoal is produced on the continent [15,16]. The annual charcoal
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consumption exceeds one million tons, with the majority of the material being imported
from non-EU countries, particularly subtropical, tropical, and Eastern European regions [15].
In these areas, a lack of adequate controls and corruption may result in environmental
issues due to the overexploitation of local forests [17,18], the use of illegally wood-harvested
material [16,18], and the employment of inefficient production processes. These factors
collectively contribute to heightened demand for wood, intensifying the strain on local
forests, threatening biodiversity, and releasing high polluting emissions [19-21].

In the literature, numerous works have systematically analyzed the technical and
operational features characterizing various charcoal production systems on a worldwide
scale [22-25]. However, it is essential to recognize that charcoal production systems are
influenced by different variables based on geographical origin, economic feasibility, and
the characteristics of the raw materials used [22]. As a consequence, the panorama of
charcoal production remains profoundly heterogeneous on an international scale, with
several production systems not yet investigated.

Few works in literature have evaluated the possible charcoal production systems
that can be implemented in high-income countries. The development of new charcoal
production systems in high-income countries would guarantee advantages in terms of
the sustainability of the charcoal supply chain by reducing the imports of illegal material
and, at the same time, favoring new socioeconomic opportunities, especially in marginal
mountain areas [26].

Given the rising demand in Europe for charcoal imports, the establishment of a local
charcoal production chain in these countries holds the potential to significantly reduce
these imports. To explore the possible solutions within this context, Italy was chosen as
a case study. This selection is justified by the coexistence in the country of traditional
production methods with modern and innovative systems that have emerged in recent
years. This study aims to conduct a comprehensive comparative assessment of the technical
and operational attributes of various charcoal production systems in current use, evaluate
charcoal quality according to international standards, and formulate recommendations
for future operational improvements. The outcomes of this research can offer valuable
insights to local forestry enterprises and policymakers, serving as a relevant resource for
the establishment and advancement of charcoal production chains.

2. Carbonization Process

The temperature increase occurring during the pyrolytic process determines a chem-
ical modification of the biomass [9] which begins with the pyrolysis of cellulose and
hemicellulose contained in the raw material, followed by the slow decomposition of the
lignin, producing a porous material rich in carbon and with low volatiles [27-29]. The
carbonization process can differ depending on the kiln type and the operating conditions
used. However, according to temperature, it can be distinguished into five main stages
(Figure 1) [1,2,28,30-38]:

i Drying phase (20-110 °C): The carbonization process starts after the ignition of the
material, leading to a temperature increase. This temperature increase causes the
evaporation of water and the release of a small portion of the volatiles contained in
the raw material. The time necessary for completing this phase is proportional to
the biomass moisture content.

ii. Pre-carbonization (endothermic reactions, 110-280 °C): The dominance of endother-
mic reactions leading to the release of low-molecular-weight volatile compounds
including carbon dioxide (CO,), carbon monoxide (CO), methanol (CH3zOH), and
acetic acid (CH3COOH).

iii. Carbonization (exothermic reactions, 280400 °C): The thermal degradation process
of the wood starts, determining the onset of exothermic reactions and releasing the
last water residues (HO), methane (CHy), carbon monoxide (CO), hydrogen (Hy),
carbon dioxide (CO;), acetone (CH3COH), other non-condensable gases and tars. A
strong mass loss of the material occurs.
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Final carbonization (>400 °C): The wood material is completely carbonized in
charcoal containing a high carbon content. The fixed carbon content increases
and its final value depends on the final carbonization temperature. Charcoal still
contains the ashes present in the raw material and it could also contain some
tarry residues.

Cooling phase: The carbonization process is completed, and the charcoal tempera-
ture is progressively reduced using different methods according to the production
process used.
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Figure 1. Charcoal production process flow chart from wood harvesting to carbonization process

and charcoal use by consumers.

2.1. Factors Affecting the Carbonization Process and Charcoal Quality

i

ii.

ii.

iv.

The carbonization process previously described can be affected by several factors that
determine yield and final quality variations:

Wood moisture content: A high moisture content of the raw material (>20% dry
basis) negatively affects the carbonization process as a greater amount of energy
will be required to remove the water, reducing the process yield [3,39-41]. Further-
more, a high moisture content can cause a strong vapor pressure causing internal
cracks in the material, increasing charcoal friability, and reducing its mechanical
properties [40].

Woody raw material properties: The wood species, timber type (hardwood or
softwood) [3,4,42—46], and initial characteristics of the material (e.g., ash content,
size, density, presence or absence of bark, lignin content, and extractives) will affect
the charcoal properties [37,43-45,47].

Skill and experience of the operators (for traditional charcoal-making processes):
Since they monitor the process development and air entrance, they will affect the
carbonization process yield and charcoal quality [13,34].

Kiln type (earth, metal, or brick kiln) and characteristics: If the carbonization
process is not homogeneous, charcoals with different qualitative characteristics can
be obtained depending on the position inside the kiln [10].

Carbonization conditions: Final carbonization temperature, temperature rate, res-
idence time, oxygen concentration, and pressure during the process affect the
charcoal yield and its qualitative characteristics. Temperature and residence time
are the main factors affecting the carbonization process and charcoal properties. In
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the literature, several authors have highlighted how high carbonization temperature
and residence time determine a charcoal yield reduction but improving the prod-
uct quality by modifying the charcoal structure, porosity, and density, as well as
increasing the fixed carbon content [3,5,12,24,28,30,42,45,47-50]. Low carbonization
temperatures would result in a poor-quality product with irregular and smoky com-
bustion [35,51]. High temperatures determine the release of a higher concentration
of volatiles from the biomass, increasing the gas yield [10,12,28,49,50,52]. According
to Antal and Grenli [45], Assis et al. [37], and Wang et al. [43] an increase in pressure
inside the kiln determines a reorganization of the structure of the material due to
the establishment of secondary reactions leading to process yield improvement.

vi. Meteorological conditions: Precipitation impacts the carbonization process by reduc-
ing the internal kiln temperature, both in traditional techniques and non-insulated
kilns [38,53,54]. Even the ambient temperature and air humidity can affect both the
yield of the process, influencing the initial wood moisture content, and the duration
of the carbonization process.

2.2. Determination of Charcoal Quality

Due to the large number of factors affecting the carbonization process, charcoal quality
is widely variable [52,55]. Although the same production technique is used, the final
characteristics of the product could be different due to the variation of the raw material or
the carbonization conditions [22,44].

In Europe, the quality of charcoal used for cooking food is determined by referring
to the EN 1860-2:2023 standard [56]. However, the products on the market do not always
meet the required characteristics and may have unacceptable traces of contaminants (e.g.,
mineral matter, plastic, glass, metals), which can be emitted during grilling, spread to
food, and/or inhaled by the users [55,57,58]. Table 1 shows the primary physical-energy
parameters required by the standard, along with the corresponding standard procedures
and the established limits. These measures are designed to enhance performance in char-
coal barbecuing while minimizing associated health risks [27,56]. However, the standard
does not present some fundamental parameters for the characterization of charcoal-based
products, including the heating value, bulk density, and the main chemical elements (C, H,
N, and O). Although not required by the standard, it was decided to include them among
the quality parameters of the charcoals analyzed in this work.

Table 1. Qualitative parameters of charcoal, relative test methods, and limits.

Parameter Unit of Measure Reference Standard Title 4
Fixed carbon %, dry basis EN 1860-2:2023 [56] >75%
Ash content %, dry basis EN ISO 18122:2022 [59] <8%

Moisture content %, wet basis EN ISO 18134-2:2017 [60] <8%
Volatile matter %, dry basis EN ISO 18123:2023 [61] No limits
Lower Heating Value (LHV) 1 M] kg_l, dry basis EN ISO 18125:2017 [62] No limits
Bulk density ! kg m~3, wet basis EN ISO 17828:2015 [63] No limits
c! %, dry basis EN ISO 16948:2015 [64] No limits
H1 %, dry basis EN ISO 16948:2015 [64] No limits
N1 %, dry basis EN ISO 16948:2015 [64] No limits
01 (calc) 2 %, dry basis / No limits

1 Not required by the EN 1860-2:2023. 2 Calculated by difference.

3. Technical-Operational Characteristics of Charcoal Production Systems

Traditional charcoal production remains a small-scale activity predominantly practiced
in local mountain areas. In recent years, novel prototypes of modern charcoal-making systems
have emerged to address the limitations associated with traditional techniques, ultimately
enhancing efficiency and productivity. This section outlines the primary technical and opera-
tional characteristics of carbonization systems currently available in Italy (Figure 2).
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Figure 2. Classification of charcoal production systems currently used in italy.
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3.1. Traditional System (Charcoal Pile)

Although on a local scale, the setting up of the charcoal pile presents little difference
based on the traditions and experience of the operators, the process is performed according
to the following procedures.

The production of charcoal using the traditional technique involves the initial prepa-
ration of the area where the charcoal pile will be built. In the past, these were located
inside the forest to reduce the distance of wood transportation and near a watercourse to
facilitate the extinguishing of the charcoal pile. To create a flat surface on slopes, the ground
is leveled by removing the portion of land uphill and repositioning it on the downhill
side [65]. The base of the charcoal pile typically has a circular or, more frequently, elliptical
shape to facilitate charcoal harvesting [66], developing vertically up to presenting a conical
or hemispherical shape (Figure 3). The size of the charcoal pile is proportional to the
amount of stacked wood material.

Figure 3. Traditional charcoal pile in Veneto (Italy).

In the structure center, a chimney is made by arranging the larger logs horizontally and
creating a square structure or, even more simply, tying poles together vertically of variable
height, usually around 2-3 m [38,65,67]. The chimney is filled with easily combustible
material to speed up and facilitate the ignition of the carbonization process. Around the
chimney, the larger logs (diameter > 15 cm) are stacked in the internal part of the struc-
ture, while the external part is filled using small-sized material arranged perpendicularly
(diameter < 5 cm) [38]. The progressive deposition of the wood determines the typical final
hemispherical shape. To prevent contact between oxygen and the material and the entry of
water from rainfall, the pile is covered with a mixture of earth, branches, and leaves for a
thickness ranging from 5 to 20 cm [13,30,65,67].
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The carbonization process is started by pouring embers through the chimney [65,68].
Being an artisanal process, the monitoring of the carbonization process is based exclusively
on the experience of the operators. To control the air inside the pile, which regulates
the combustion process, holes are opened and closed at the base of the charcoal pile [30]
(Figure 4). The wrong aeration could lead to the development of flames causing the
combustion of the material, while insufficient aeration could cause the process to stop.

Figure 4. Carbonization process monitoring by the operator: on the left, the operator controls the
ignition of the charcoal pile; on the right, the operator covers the base of the charcoal pile with earth
to prevent air entrance.

The duration of carbonization is proportional to the volume of wood material used
and is conditioned by climatic conditions, the moisture content of the material, and the
experience and skill of the operators. For small charcoal piles, the production cycle takes at
least one day, but, more frequently, it takes from 3 to 4 days, while for large piles, the process
can take from 10 to 20 days [13,65,67-69]. The end of the carbonization process is regulated
by the color change of the exhaust fumes [68]. In the first phase of the carbonization process,
the smoke coming out of the chimney and the holes is white, indicating the evaporation
of the water contained inside the wood [70]. As the process progresses, the structure
gradually loses volume and shrinks in size. The presence of light blue smoke indicates the
end of the carbonization process and the beginning of the cooling phase [25,65,70]. In this
phase, the temperature of the material gradually decreases naturally, requiring a lot of time
depending on the geometry and dimensions of the pile, the quantity of material, and the
atmospheric conditions [25]. Long times are needed to stabilize the charcoal, as a sudden
entry of air could cause the combustion of the material [36]. To speed up the process, earth
or water is used to lower the temperature and extinguish any embers still present [38].
Finally, the charcoal produced is collected and, once the earth has been removed, packaged
for transport.

3.2. Modern Charcoal Kilns
3.2.1. Ukrainian Mobile Kiln

The paper by Picchio et al. [32] describes the characteristics and performance of a
modern Ukrainian mobile horizontal kiln for charcoal production. The kiln presents a metal
structure placed on a sled for facilitating transport using a tractor or truck. The woody raw
material is manually loaded inside the carbonization chamber through a front hatch. At
the rear of the kiln, there is a system for collecting the liquids resulting from the pyrolysis,
preventing their dispersion in the soil, and a chimney for the release of the gases used
for monitoring the process. As for the traditional charcoal kiln, the carbonization process
is controlled based on the observation of the color of the smoke. In the front part of the
kiln, there is a small combustion chamber where firewood is loaded, whose combustion is
used for heating the material igniting the process. The oxygen entry inside the chamber
is regulated by opening and closing appropriate vents positioned on the kiln sides. Once
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the process is complete, the charcoal produced is unloaded manually from the front hatch.
Moreover, in this case, the carbonization must be monitored by the operator for the entire
duration of the process, but its presence can be discontinuous.

3.2.2. Mobile Cylindrical Kiln

Based on the previous kiln, the same authors developed a new prototype of a cylindri-
cal steel charcoal kiln [38]. Like the previous one, the kiln is installed on a sled to facilitate
transport. The kiln structure is insulated to reduce heat loss during the process and im-
prove the circulation of the pyrolysis gases, allowing for more homogeneous carbonization.
The kiln has a loading capacity of approximately 5 m?. In the front and rear parts of the
cylindrical structure, there are two loading doors with hermetic closures that can be opened
in both directions, facilitating the loading and unloading operations. The kiln structure was
designed to mechanically facilitate the insertion of wood using a tractor or forklift, allowing
for a significant speeding up of loading operations and increasing productivity. Similarly, to
the Ukrainian mobile kiln, in the front part of the kiln, there is a small combustion chamber
fueled by firewood to provide the required heat for the whole process. The oxygen entry
into the carbonization chamber is regulated by opening and closing vents located on the
kiln sides and in the closing compartment of the ash collection chamber. The pyrolysis
liquids are collected inside a tank whose unloading is facilitated by the presence of a tap,
preventing their dispersion on the ground. In the rear part of the kiln, a condensation
chamber equipped with a chimney is present. An operator must be discontinuously present
during the process. The carbonization is monitored using laser thermometers to measure
the temperatures inside the kiln. The visual analysis of the fume color resulting from the
chimney further supports the monitoring of the process trend.

3.2.3. Vertical Mobile Kiln

Different from the previous ones, Picchio et al. [71] have developed a new prototype
of a vertical mobile kiln. The kiln consists of a cylindrical steel carbonization chamber
that performs both direct carbonization of the material loaded inside the chamber and
indirect carbonization by inserting special cylindrical containers into the chamber. The
carbonization chamber is closed at the top by a lid where a chimney is positioned centrally.
On the side is present an additional chimney for collecting the gases released during the
carbonization coming from three ducts placed below the carbonization chamber when
using the cylindrical containers. In the front part, there is a combustion chamber where
firewood is loaded, whose combustion is used to provide the heat necessary for the ignition
of the process. Like the previous one, ash and liquids generated during charcoal production
are collected in dedicated structures, while fumes are released into the atmosphere.

The direct carbonization of the raw biomass guarantees greater productivity as it
exploits the full volume of the carbonization chamber. Inside, there can be stowed about
450-600 kg of logs of dimensions between 100-120 cm, which are arranged vertically and
uniformly to ensure regular carbonization. To prevent the combustion of the material
deriving from flames generated in the ignition chamber, the carbonization chamber is
shielded by a fire-cutting plate. During indirect carbonization, three cylindrical containers
are positioned inside the carbonization chamber. This is to further prevent direct contact
with the flames generated by the thermal unit. In this case, the ignition of the process
occurs through an airflow that circulates in the material using a vacuum system without
direct contact with the flame. In addition to logs, containers can be filled with smaller
materials, such as wood chips. Compared to the direct process, it has a lower load capacity,
ranging between 190-280 kg.

Direct carbonization allows for the greater production of charcoal despite a greater
energy consumption and a longer production duration. According to the authors, this
process is better suited to the production of barbecue charcoal, while the indirect one is
better suited to the production of biochar to be used in agriculture. In both processes, the
loading and unloading of the material is conducted manually.
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As for the previous ones, the carbonization process is monitored using the visual
support of the color of the fumes. It is possible to measure the temperature inside the
combustion chamber or cylindrical containers by inserting a probe or laser thermometer
through an inspection hole. The process progress and oxygen entry are regulated by the
operator by opening and closing the inlets present in the kiln.

3.2.4. Continuous Reactor

The development of highly technological kilns requires huge investments that are
often not compatible with the financial resources of small and medium-sized Italian forestry
enterprises. To provide a further tool for the energy valorization of biomass, RE-CORD®
has developed a biomass carbonization reactor (CarbOn, patent IT1429282) for charcoal
production [51,72,73]. The material obtained can be used in agriculture as a soil amend-
ment [74], as active carbon [75], for the metallurgical industry [49], and for barbecue [72].
The kiln is composed of a vertical steel cylinder reactor with a capacity of 50 kg h=! of
biomass. The carbonization process is conducted continuously at atmospheric pressure with
controlled oxygen concentration and with a temperature range between 450-700 °C [72].

Wood is manually loaded through a gate valve placed in the top part of the reactor.
After the ignition of the process, the carbonized material and the pyrolysis gases are
deposited in the lower part of the reactor. The charcoal is removed through a hopper placed
below the reactor, which involves the carbonized material on a screw. Its rotation regulates
the residence time of the material. The screw is cooled with water to reduce the charcoal
temperature, conveying the materials into barrels with a capacity of 0.2 m for the collection.
Since the removal of the pyrolysis gases does not take place at the bottom of the solid bed
but above it, this leads to the presence of an oxygen-rich zone above the gas extraction point
and, below it, a zone with a lower oxygen concentration. The temperature of the zones is
monitored using thermocouples equipped with probes distributed both in the oxygen-rich
zone (three probes) and the low oxygen concentration zone. The extracted gases, whose
temperature is monitored with additional thermocouples to avoid tar condensation, pass
through a cyclone for dust removal, an ejector, and finally burn in a torch.

4. Kilns Comparison
4.1. Technical-Operational Characteristics

Table 2 shows the technical operating characteristics of the kilns. The yield, expressed
as %, represents the ratio between the quantity of charcoal produced and the quantity of
raw material input. All the processes have a wide yield range because of the condition
variability described previously in Section 2.1. The charcoal pile has a wider range of values
as it is more exposed to factors that alter the final yield, resulting in much lower potential
yields than metal kilns and the CarbOn system.

4.1.1. Carbonization Process

The carbonization process can be classified as continuous, semi-continuous, or discon-
tinuous (batch-type) [12,22]. The traditional technique has the longest process duration
compared to other kilns, negatively affecting productivity. The metal kilns are batch-type,
resulting in a similar production process time, longer than that of the CarbOn system.
Different production systems can result in different material residence times and heating
rates [12]. In the CarbOn system, charcoal is produced continuously, and the biomass re-
mains on average for three hours inside the reactor and two hours in the cooling zone [73]. A
low process duration of the continuous process allows for a significant production increase.

4.1.2. Portability, Mechanization, and Monitoring of the Production Process

The CarbOn system is the only stationary system. The possibility of movement
guaranteed by the portable metal kilns and charcoal piles reduces the time and costs of
processes. Moreover, transport allows them to operate directly inside the forest [25,32,76].
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The use of machines is a crucial factor that greatly affects both production costs and
production time. The cylindrical kiln is the only kiln that allows for the mechanization of the
process, obtaining a considerable improvement in loading and unloading operations [38].
On the contrary, Ukrainian-type and vertical kilns require manual loading and unloading.
In the CarbOn system, the operator is involved only in the initial feeding of the reactor.
Moreover, being equipped with sensors for monitoring the process, the CarbOn system
does not require the presence of operators since it is an automated process. In metal kilns,
process monitoring is based on operator monitoring for several hours.

4.1.3. Management of Pyrolysis Liquids and Gases

The management of pyrolysis co-products is a crucial factor that influences the en-
vironmental impact of the process and presents opportunities, as these by-products can
be utilized for various purposes. Metal kilns and CarbOn are equipped with systems for
collecting the liquids deriving from pyrolysis, preventing their dispersion on the soil as
occurs in traditional techniques. The composition of the liquids varies according to the
final temperature but generally, they contain water, different aromatic compounds, organic
acids, phenols, aromatics, methanol, PAHs, and other minor compounds [50,72]. Collecting
liquids allows a reduction of the environmental impact of the process, with the possibility
of using them in industrial processes [12,38]. In addition to the liquids, it is necessary to
provide systems for reducing the gaseous compounds released during the carbonization of
the material. Pyrolysis gases are composed of condensable and non-condensable gases [77],
mainly containing H,, CO,, CO, CHy, and other compounds in minor concentrations,
including ammonia (NHj3), nitrogen oxides (NOx), sulfur oxides (SOx), methanol (CH;OH),
propane (C3Hg), ethane (CoHpg), and ethylene (CoHy) [4,6,10,12,50,72], whose direct release
into the atmosphere can contribute to air pollution as well as represent a potential health
risk for the operators [78]. However, the CarbOn system is the only one equipped with
emission abatement systems using a cyclone for dust abatement and a torch, reducing the
environmental impact of the process [39,72]. Although the developed mobile kilns have
a higher carbonization efficiency and consequently lower emissions [38], real abatement
systems are not installed as in the previous one.

Table 2. Comparison of the technical-operational characteristics of the charcoal production processes.

Carbonization Process

Portability, Mechanization, and Monitoring Pyrolysis Co-Product

Management
Carboniz- Lo Emission
Carbonization  Yield  Carbonization Operation Cooling Portabilit In‘;zﬁ:ir Chamber ation C(];lllc(lelcltlﬂl Abate-
Kiln (%) Time Mode Process y * ty Loading Monitor- S stemsg ment
ing y Systems
Charcoal pile . . Fume
[65,66,69] 10-25 24-480 Batch Natural Mobile High Manual color No No
Ukrainian Fume
metal mobile 20-35 30-85 Batch Natural Mobile Medium Manual color Yes No
kiln [32]
Mobile Medium- Fume
cylindrical kiln ~ 20-35 24-80 Batch Natural Mobile iow Mechanical color + Yes No
[38] Sensors
Vertical mobile ) Fume
Cal;ggéidzl;fgn) 20-26 8-14 Batch Natural Mobile Mi%%\x]m— Manual color + Yes No
71] Sensors
Vertical mobile ] Fume
kiln (indirect 22-26 Batch Natural Mobile Medium- Manual color + Yes No
carbonization) Low S
71] ensors
. Water-
Continuous 25-30 Continuous  cooled Stationary Low Manual Sensors Yes Yes

reactor [72]

screw

* The labor intensity was categorized as follows: “Low” for highly mechanized production processes; “Medium”
for production processes utilizing a combination of labor and mechanical means; and “High” for production
processes not reliant on mechanical means.
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4.2. Charcoal Quality

Table 3 shows the mean values of the qualitative characteristics of the charcoals
produced using the techniques previously described. For the charcoals produced with the
Ukrainian mobile kiln and the cylindrical mobile kiln, since three different values were
provided by the authors, the range of values has been reported. The values relating to the
charcoal produced with the charcoal pile technique were obtained from previous work
by the same authors [55]. The samples are produced using the same technique but with
different origins (Veneto, Marche, and Calabria regions) and using different wood species.

Table 4 shows the wood species used for charcoal production. The species used are
those available in the vicinity of the kiln location. Therefore, all the analyzed charcoals
present different species. However, all the samples are made using hardwood since,
for barbecue uses, they are more appreciated by consumers due to the greater density
associated with a longer duration of combustion [21,47,76].

4.2.1. Proximate Analysis

According to the opinion of barbecue charcoal users, the low moisture content is one
of the most important characteristics [79] since high values can cause problems during
the ignition and combustion of fuel [48]. The higher moisture content values for charcoal
were produced using holm oak (Calabria) and the deciduous mix (Veneto). This could be
due to greater absorption of humidity during storage as well as a greater porosity of the
material [48,80].

The ash content is closely linked to the quality of the raw biomass [30,45] since most of
the mineral content will remain after the carbonization process, increasing in concentration
compared to the initial values [9,10,42,47,48]. Good-quality charcoals generally have values
between 0.5 and 5.0% [30,45]. The charcoals produced with charcoal piles in the Marche
and in Calabria have mean values above this threshold, but in any case, lower than the
limits set by the standard. This may be due to a greater presence of bark in the raw material,
the use of branches and tops, or the contamination with earth or other residues deriving
from the traditional production process and transportation [30,54,76,81]. High ash contents
could cause problems during cooking by depositing on food as well as requiring more
frequent cleaning of the barbecue [47,81-83].

Although the standard does not indicate any limits in terms of volatiles, good-quality
barbecue charcoal should have values below 30% to prevent excessive smoke release as
well as irregular combustion of the product [30,35,47,82]. All the charcoals considered have
values lower than this threshold. The charcoals produced with the traditional technique
have slightly lower values compared to other production processes. This could be due to
the longer residence time of the material, which determines a higher loss of volatiles [12],
or from higher temperatures during the pyrolysis of the biomass [52].

The charcoal heating value is more determined by the initial characteristics of the
biomass used than by the pyrolysis conditions [52]. Up to a temperature of about 600 °C
the heating value does not show significant variations, but after this threshold, it begins to
decrease as the temperature increases due to the loss of hydrogen and extractives [12,52].
Apart from the charcoal produced with the CarbOn system, all samples have LHV values
greater than 30.0 MJ kg~ !. High values of LHV lead to elevated temperatures in the embers,
guaranteeing faster cooking of foods and lower charcoal consumption [47].

All charcoals produced through the various production processes exhibit high quality,
with fixed carbon values above 75%, as required by the standard [29,30]. As discussed in
Section 2.1, as the pyrolysis temperature and residence time increase during the process,
an increase in the fixed carbon content of the charcoal occurs. Low fixed carbon values,
combined with high ash and moisture content, can cause problems in terms of ignition and
determining an irregular combustion of charcoal [83].
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4.2.2. Physical-Mechanical Properties

Bulk density values exhibit considerable variability among charcoals produced using
different production systems. Specifically, vertically mobile kilns yield charcoal with
the highest bulk density values, whereas the continuous carbonization system produces
charcoal with the lowest values. According to Charvet et al. [47], bulk density is a parameter
characterized by high heterogeneity, closely tied to the characteristics of the initial feedstock.
The greater the bulk density of the feedstock, the higher the corresponding value of the
relative charcoal [45]. Furthermore, the bulk density value is influenced by the shape
and dimensions of the charcoal, stemming from differences in spatial occupation and the
relative presence of voids [83].

4.2.3. Ultimate Analysis

Carbon is the main chemical element present in charcoal, with values above 80%. The
carbonization process determines a strong increase in the carbon and nitrogen content
compared to the starting material [5,9,25,28,42,72,73,84], while the hydrogen and oxygen
content decrease since they are removed during the carbonization process mainly in the
form of CO, CO,, CHy, and H,O [9,24,28,42,84].

Table 3. Mean values of the main characteristics of the charcoals produced using different carboniza-
tion processes.

Vol et
s Charcoal Charcoal Charcoal Ukrainian Mobile Mobile Kiln .
Parameter ta_nd.ard Pile Pile Pile . Mobile Cylindrical .Klln (Indirect Continuous
Limits (Veneto) (Marche) (Calabria) . v (Direct Car- A Reactor [72]
Kiln [32,38] Kiln [38] Nl Carboniza-
[55] [55] [55] 4 bonization) tion)
Proximate analysis
(dry basis, wt.%)
Moisture content <8% 7.3 4.7 7.2 45 45 / / 3.0
Ash content <8% 48 55 52 1.6-2.1 1.7-2.0 3.1 22 22
Volatile matter / 7.3 13.9 10.5 16.0-19.0 16.0-19.0 14.0 14.0 17.0
Fixed carbon >75% 88.0 80.7 84.3 82.0-87.0 82.0-87.0 83.0 84.0 80.8
Heating value (dry
basis, M] kg~ 1)
LHV / 32.0 30.4 30.7 31.5-33.0 31.5-33.5 32.1 30.4 29.9
Physical-
mechanical
properties
Bulk density / / / / 235-270 235-302 472 465 136.9
(kgm™)
Ultimate analysis
(dry basis, wt. %)
C / 92.0 84.5 90.5 / / / / 84.9
H / 1.6 2.6 1.7 / / / / 2.3
N / 0.6 0.6 0.4 / / / / 0.4
O (calc.) / 1.0 6.8 2.2 / / / / 10.1

Table 4. Wood species used for charcoal production.

Carbonization Kiln Unit of Measure

Beech (Fagus sylvatica), European hop-hornbeam (Ostrya
carpinifolia), common hornbeam (Carpinus betulus), manna
ash (Fraxinus ornus), and hazel (Corylus avellana)

Charcoal pile (Veneto) [55]

European hop-hornbeam (Ostrya carpinifolia) and manna ash

Charcoal pile (Marche) [55]

(Fraxinus ornus)

Charcoal pile (Calabria) [55]

Holm oak (Quercus ilex)

Ukrainian mobile kiln [32]

Beech (Fagus sylvatica)

Mobile cylindrical kiln [38]

Beech (Fagus sylvatica), Turkey oak (Quercus cerris), and
chestnut (Castanea sativa)

Vertical mobile kiln [71]

Chestnut (Castanea sativa)

CarbON pilot plant [72]

Chestnut (Castanea sativa)
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5. Future Developments and Limitations

To implement an efficient charcoal production chain, it is necessary to invest in the
development of new modern technologies capable of increasing productivity and product
quality while at the same time reducing the required labor, process, and logistic costs and
environmental impacts.

Both metal kilns and the CarbOn system have advantageous characteristics compared
to the traditional technique. However, some limitations still emerge that future technolog-
ical developments will have to address. Below are the main aspects to consider, briefly
listed, and in which it is necessary to invest.

5.1. Kiln Construction Characteristics

The kiln dimensions are a crucial aspect, with repercussions for the carbonization
process, investment costs, mobility, and productivity.

The use of too-large kilns could determine the presence of non-homogeneous temper-
atures inside the carbonization chamber, affecting the yield and quality of the products [22].
As evidenced by Charvet et al. [10] in a traditional Portuguese brick kiln, different tempera-
tures in the carbonization chamber will result in different quality products. On the contrary,
the use of small kilns would cause a drastic drop in productivity and an increase in costs.
Therefore, it is necessary to calibrate the kiln dimensions according to the expected volume
of material to be subjected to carbonization.

The use of insulating material allows a reduction of energy waste and dispersion,
obtaining a stable temperature inside the kiln [25,38], lower energy consumption, and
higher internal temperatures, improving the quality of the final product [1,2,35].

Mobile kilns that can be easily moved by tractors or trucks reduce the costs of raw
material transport and guarantee the possibility of use in different areas [34]. However,
having more compact dimensions than a stationary kiln, the charcoal production capacity
will be limited. Stationary kilns can be advantageous if they are located not too far from the
biomass supply areas and are fed using diversified sources, not relying only on forest wood
but also using energy plantations such as short-rotation forestry [34,73,78,85]. Therefore,
among the factors affecting the choice of the most suitable kilns, the availability of invest-
ment, the quantity of material to carbonize, and the distance from the biomass sources
should be considered.

5.2. Mechanization, Automation, and Control of the Production Process

The low mechanization of the loading and unloading operation still determines a
strong labor demand, causing high physical work required by the operators, increasing
costs, and lowering productivity [21,22,25,36]. The use of mechanical means, as already
used in the cylindrical kiln described by Picchio et al. [38] and the screw present in the
CarbOn system [72], will reduce labor costs and process time.

Monitoring the carbonization process is a fundamental aspect of the correct man-
agement of temperatures and heating rates inside the kiln [25] since they affect the yield
and final charcoal quality [23]. The control of the carbonization process based on the
observation of the smoke color represents an empirical method based on the experience of
the operator, with difficulties in monitoring the process, especially during the night and
on weekends [10]. The use of probes allows for constant real-time monitoring of the kiln
temperature, not requiring the presence of the operator. The collected data can be used
by dedicated software capable of managing the control of the entire charcoal production
process, obtaining an increase in productivity and quality of the final product [10].

In summary, the implementation of automatic systems for process monitoring and pro-
cedure mechanization during the charcoal production process, despite higher investment
costs and system complexity, would allow for an increase in production yields, product
quality, and profitability by reducing costs and production times [2,25,86].
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5.3. Improvement in the Carbonization Process

To enhance the productivity of the carbonization process, improvements in the proce-
dure itself are essential.

Pyrolysis can be carried out using various types of reactors, whether discontinuous,
semi-continuous, or continuous, depending on the raw material used, the pyrolysis type
(slow, intermediate, or fast), and the production target (solid, liquid, gaseous, heat, and
electricity) [3,31]. The simplest and most traditional systems are batch-type [22], in which
the pyrolysis is discontinuous. This process is better suited to be used in portable systems
due to the necessity of compact dimensions and reducing the number of components.
However, these types of processes lead to long production times [24]. The use of continuous
or semi-continuous production systems, as adopted by the CarbOn system, allows for
numerous operational advantages.

Among the continuous processes, Campuzano et al. [31] reviewed the main types of
auger reactors (screw reactors), underscoring their technical and economic advantages and
disadvantages. These are versatile systems of simple design characterized by continuous
feeding, heating, and cooling devices suitable for working with different types of biomasses
and pyrolysis [12,31]. In addition to charcoal production, auger reactors can also generate
heat and energy, reducing fuel consumption and air emissions [25,87].

Continuous processes guarantee lower labor requirements and production times,
increasing yield, energy efficiency, charcoal quality, ease of control of the whole produc-
tion cycle, and productivity [3,22,88]. However, they require high initial investments and
physical-thermal pre-treatments of the raw biomass, focusing particularly on addressing
moisture content and reducing the size of the raw material [88]. Given the reduced car-
bonization time in continuous reactors, utilizing small-sized materials enhances heat and
mass transfer by providing a larger surface area for exchange and maintaining a uniform
temperature during pyrolysis [4]. Overall, most continuous-type systems are better suited
to medium-large stationary industrial-type systems [3], but those with a compact design
could also be installed in mobile systems.

Further improvements to the pyrolysis process involve the use of multi-stage pyrolysis.
During the pyrolytic process, thermal energy is continuously supplied until the final
temperature is reached, ignoring the different reaction mechanisms that involve both
endothermic and exothermic reactions [35,89]. To decrease the energy consumption in
the process, one effective solution involves adopting multistage pyrolysis. This method
employs varying temperatures, heating rates, and residence times at different stages [90].
Oyedun et al. [35] developed a three-stage pyrolysis characterized by a rapid initial stage
of temperature increase and a slow and gradual heating stage to uniformize the biomass
temperature followed by a final cooling stage. According to the authors, this type of
pyrolysis reduces energy consumption and saves time. In contrast, Elyounssi et al. [29]
used a two-step pyrolysis, in which the first step was conducted at low temperatures
followed by a second step at high temperatures (950 °C). Based on the results, this type of
approach is economically advantageous, saving energy, reducing production times, and
increasing charcoal quality due to its high fixed carbon values.

The cooling phase represents one of the most time-consuming phases of the entire charcoal
production cycle, with a duration similar to the carbonization process [35,91]. The natural cooling
of the product requires a long time, drastically reducing productivity [1,22,24,25]. Given that
the qualitative characteristics of the charcoal are not affected by cooling, this must take
place as quickly as possible [25,92]. In the literature, several solutions are presented to
accelerate the cooling process. Among the most common systems adopted are the use
of water, inert gases, heat exchangers, the removal of insulation, and the use of different
materials and thicknesses for the construction of kiln walls [22,72,78,91]. However, the
implementation of additional components for cooling the material could cause an increase
in investment costs and the use of natural resources such as water [22].
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5.4. Reuse of Pyrolysis Gases Resulting from the Carbonization Process

Different product proportions will be obtained depending on the temperature inside
the kiln during the carbonization process. An increase in temperature is associated with a
reduction in charcoal yield against an increase in the concentration of pyrolysis gases [5,12].
The latter represents a co-product of charcoal production that, if properly exploited, gives
benefits both in economic and environmental terms [78]. It is estimated that about 50%
of the initial energy of the biomass is lost during the carbonization process in the form of
pyrolysis gasses which, rather than being released into the atmosphere, can be exploited to
recover energy and produce heat [4,36,77,78].

During the carbonization process, part of the heat inside the kiln is inevitably lost. In
traditional systems, the increase in temperature is due to the combustion of a part of the
biomass, reducing the yield of the process [39]. Using pyrolysis gas recirculation systems
inside the carbonization chamber, an improvement is obtained in the production process by
reducing the request for energy inputs through the increase in the internal kiln temperature
due to the presence of combustible gases, including methane [1,2]. The heat obtained
from the use of pyrolysis gases can be used both for drying the raw material during the
initial endothermic phases of the production process, obtaining advantages in economic
and production terms, and reducing greenhouse gas emissions (GHG) [25,77]. The reuse
of pyrolysis gases is better suited to systems operating continuously since in batch-type
systems, the gas composition varies over time, determining a different energy content [77].

Furthermore, it is possible to produce electricity by burning non-condensable pyrolysis
gases (e.g., Hy and CHy) to produce a flow that drives a turbine that generates electricity.
Before using pyrolytic gases, they must be treated to remove or reduce the concentrations
of components such as tars, dust, water vapor, ammonia, and hydrogen sulfide (H;S) [4].
The amount of electricity produced depends on the composition and heating value of the
pyrolysis gases [36,78]. The energy produced can be used to self-power the plant or sold
on the electrical grid. Furthermore, if the electricity generated replaces or avoids the use
of fossil fuels, it produces carbon credits, increasing the sustainability of the process [77].
Therefore, the use of pyrolysis gases for producing electricity drastically reduces the GHGs
emitted during charcoal production.

The reuse of pyrolysis gases represents a more suitable solution in medium-large sta-
tionary plants operating continuously or semi-continuously in which the composition and
heating value of the gases are homogeneous [36]. Moreover, the structural characteristics
of stationary systems allow for the easier installation of additional components compared
to mobile kilns.

6. Limitations

In this paper, only the production processes present in the literature were described
and compared; further small-scale production processes may be present, and their inclusion
in the paper would be able to provide a more complete state of the art of charcoal production
in Italy. However, because of the lack of information about them, it was not possible to
consider them in this paper.

In the charcoal qualitative characteristics comparison, additional physical-mechanical
properties required by the EN 1860-2:2023 standard were not taken into consideration
due to a lack of data. Nevertheless, the characteristics considered represent the main
physical-energy characteristics of the material, capable of providing comprehensive knowl-
edge regarding charcoal quality.

This study solely assessed the technical and operational aspects of various charcoal
production systems. Therefore, no economic evaluations were conducted. Further research
is needed to identify optimal solutions for local contexts and assess cost-effectiveness for
forestry enterprises.
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7. Conclusions

The global charcoal trade is steadily increasing, and high-income countries are im-
porting significant quantities of charcoal, often associated with environmental issues in the
production regions. To address these challenges, promoting the development of a local char-
coal production chain in high-income countries is crucial. This study involved conducting
a comprehensive comparison of five distinct charcoal production systems within European
and, specifically, Italian contexts. The comparison considered both traditional and modern
methods and included an assessment of the resulting quality of charcoal. The evaluation
of traditional and modern charcoal production systems highlighted notable inefficiencies
in traditional methods concerning manpower, costs, time, and yield. On the other hand,
recent innovations, particularly mobile and stationary kiln prototypes, have demonstrated
promising solutions. Mobile kilns, while providing flexibility and cost savings, demand
specialized expertise, have limited automation, and involve longer cycles. In contrast,
despite higher initial costs, stationary systems operate continuously, leading to increased
productivity and efficiency. Interestingly, charcoal quality showed minimal variations
among the production methods, underscoring the potential of new technologies. However,
certain limitations persist, particularly in terms of mechanization, process monitoring, and
environmental impact. In light of the findings, we recommend a targeted focus on research
and development initiatives aimed at improving current technologies. Specifically, efforts
should concentrate on enhancing automation, mechanization, efficiency, and reducing
environmental impact. This information is essential for industry stakeholders, forestry
enterprises, policymakers, and researchers, providing crucial insights for the enhancement
and implementation of sustainable charcoal production chains.
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