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Abstract: Charcoal is produced in large quantities in the Portuguese region of Alentejo mainly using
traditional brick kilns. Information about this type of carbonization technology is scarce, which makes
it urgent to characterize the process as a starting point for performance improvements. In this context,
this study aims to characterize the operation of a cylindrical brick kiln (≈80 m3) during regular wood
carbonization cycles. Relevant process parameters were monitored along with the yields and/or
composition of the main products (carbonization gas, charcoal, and charcoal fines) to evaluate the
mass balance of the process. The results show that the bulk of the kiln operates at temperatures below
300 ◦C, which greatly limits the quality of the charcoal. For instance, the fixed carbon content of
charcoal can easily be as low as 60 wt.%. The yield of charcoal is also low, with values below 25 wt.%
of dry wood feed. This means that significant quantities of by-products are generated in the process
with little or no commercial value. Modifications in the carbonization process are needed to improve
efficiency, charcoal quality, and environmental acceptance to sustain this activity in regions where it
still represents vital income related to wood-waste management.

Keywords: biomass; wood; gas; charcoal; pyrolysis; carbonization; kiln

1. Introduction

Charcoal has been an important fuel/feedstock for both household and industrial activ-
ities throughout history and its manufacture is one of the oldest practices of mankind [1,2].
Currently, there are several applications for charcoal in various industries, including as a
reductant agent for smelting metal ores, pharmaceutical products, fireworks, art products,
CO2 sequestration, soil amendment, low-cost adsorbents for soil and wastewater treatment,
syngas production (gasification), and heat and power production (combustion) [3–6]. As
a household utility product, charcoal remains an important primary energy source for
heating and cooking in peri-urban areas of developing countries, whereas in high-income
countries charcoal is mainly used as recreational fuel in barbecues [7–10]. Although EU
countries have a long tradition in charcoal production [1,11,12]—charcoal production in
EU countries was ≈300 kton by 2020, according to the Food and Agriculture Organization
(FAO) [13]—current production is roughly half of the demand. Then, the EU imports
significant amounts of charcoal from countries in Africa, South America, and Asia [10,14].

Charcoal is a carbon-rich solid material resulting from the slow pyrolysis (also called
carbonization) of biomass. The carbonization process evolves as an irreversible hermos-
chemical decomposition of the biomass main constituents (hemicellulose, cellulose, and
lignin), starting at temperatures as low as 200 ◦C [15]. Besides charcoal, the carbonization
process generates two other relevant products: a liquid fraction usually referred to as
bio-oil, consisting of a large array of organic compounds and water, and a gaseous fraction
containing several combustible species [16]. The proportions of these three main products
(i.e., charcoal, liquids, and gas) are dependent on the composition of the biomass and the
operating conditions, namely the carbonization temperature and heating rate [17,18].
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Carbonization of woody biomass for charcoal production has been done with dif-
ferent types of technologies, ranging from kilns and retorts (with sizes from less than
5 m3 to over 100 m3) to continuous reactors. Although a few types of kilns show some
technological improvements—notably concerning by-product energy recovery and pro-
cess monitoring/control—most of the world’s charcoal production is based on low-tech
batch-operated earth or masonry kilns, mainly because of their simplicity, low capital cost,
and available know-how [19–22]. It is recognized that the use of traditional low-tech kilns
results in lower charcoal yields, lower charcoal quality, and larger environmental impacts in
the vicinity of the production sites due to the release of pyrolytic liquids and gases [23,24]. It
is therefore important to characterize the operating conditions of traditional kilns (e.g., tem-
peratures and airflow rate) and yields/composition of major products namely with respect
to the European barbeque charcoal market, according to EN1860-2-2005:E standard [25].

There are some experimental studies in the literature about charcoal production in tra-
ditional kilns and retorts, mainly in Latin America (e.g., [26–29]) and Africa (e.g., [24,30–32]).
These studies were performed under very specific conditions, such as the types of wood
being processed and the weather conditions, which make it difficult to forecast the results
for other regions of the world. In contrast, recent studies in this field in Europe are scarce,
with one of the few references being the work by Tintner et al. [33,34] on the operating con-
ditions of earth kilns in Austria. This wrongly suggests that traditional charcoal production
is currently of limited relevance in Europe. Indeed, certain regions of southern Portugal
(and Spain) are well-known for their intense charcoal production activities, often linked
to the management of cork oak and holm oak forests, almost all are based on permanent
low-tech masonry/brick kilns of various designs and sizes [35,36]. To the best of the au-
thor’s knowledge, there is no detailed study on the operating conditions and performance
of these systems, including the characteristics of its main products, which not only hinders
potential technological improvements but also contributes to negative perceptions about
this activity, including possible environmental impacts and work safety aspects. Proper
integration of this activity in biomass valorization plans then becomes difficult, which can
lead to its vanishing in certain European regions. This can have adverse consequences not
only in such European regions where charcoal production is still important—often regions
of low population density and where job offers are scarce—but also in developing coun-
tries exporting charcoal to Europe and to where these problems associated with charcoal
production will be transferred, including deforestation, air, soil and water contamination,
and work safety conditions [23,37–39]. In this context, this work provides an overview of
the operating conditions, performance, product characteristics, and overall mass balance of
a large brick kiln under operation in the Portuguese region of Alentejo, with the aim that
these results will provide the appropriate basis for future developments of this activity in
Portugal and abroad.

2. Materials and Methods
2.1. Wood Feedstocks

Residual woody biomass from holm oak and cork oak forests was used as feedstock
in the carbonization tests described in this work. This includes tree branches from regular
tree pruning, as well as large dead tree trunks and stumps. In addition, partially charred
wood from previous carbonization batches was also used as feedstock, which is a common
practice in traditional charcoal production [36]. The diameter of the wood pieces varied
widely from small branches with 5 cm to large logs with more than 50 cm. The length
of the logs varied typically within 30 to 60 cm. There was minimal pretreatment of the
raw feedstock before charging it into the kiln. The exceptions were the removal of cork
in the case of cork oak wood and size reduction in the case of stumps, both with the aid
of specialized machinery. Samples of each type of wood were hand-ground to obtain
chemically homogeneous particles and later subjected to analysis, including proximate
composition (moisture, ash, fixed carbon, and volatile matter contents, according to DIN
51718, CEN/TS 15148:2005 CEN/TS 14775:2004) and elemental composition (CHNS). The
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lower heating value (hereinafter referred to as LHV) was estimated from the respective
elemental composition according to [40]. Table 1 shows the relevant properties of each type
of wood feedstock used in this work, while the respective quantities charged into the kiln
for carbonization are provided in Section 2.6.

Table 1. Properties of the dry wood feedstocks used in the carbonization tests.

Wood Feedstock (a) Volatile
Matter Ash Fixed

Carbon
Elemental

Carbon O/C H/C LHV (b)

[wt.%] [wt.%] [wt.%] [wt.%] [kg/kg] [kg/kg] [MJ/kg]

Holm Oak—branches 82.7 ± 2.7 0.96 ± 0.04 16.3 ± 2.7 47.3 ± 0.4 0.95 ± 0.02 0.14 ± 0.004 17.1 ± 1.3

Cork Oak—logs and branches 83.4 ± 0.9 0.80 ± 0.03 15.8 ± 1.0 46.5 ± 0.4 0.98 ± 0.02 0.14 ± 0.005 16.7 ± 1.3

Partially charred wood 67.8 ± 9.9 1.88 ± 0.13 30.3 ± 10.1 54.4 ± 6.4 0.70 ± 0.16 0.10 ± 0.02 20.0 ± 14.5

Tree stumps 76.8 ± 0.4 1.85 ± 0.14 21.3 ± 0.5 47.3 ± 0.1 0.94 ± 0.01 0.13 ± 0.004 17.9 ± 1.8

(a) average ± one std. deviation based on three replicates (dry basis); (b) lower heating value.

2.2. Carbonization Kiln

Figure 1 shows a schematic diagram of the carbonization kiln used in this work. It
is a batch-operated cylindrical kiln with an internal charcoaling chamber of ≈4.50 m in
diameter and ≈5 m in height (≈80 m3 in volume). The kiln is constructed with double
walls made of hollow clay bricks in combination with solid clay bricks. Cement mortar is
used as a binder agent. On the interior walls, the bricks are sometimes arranged radially
with the tops facing the centerline of the kiln. A cement base forms the kiln floor while a
metal sheet welded to suitable support beams is used as a ceiling. This metal ceiling can
be put in place or removed from the top of the kiln with a telehandler. A sand layer is
placed around the edges of the metal ceiling to seal it as needed. The kiln has a square
door of 2 m × 2 m at its front, consisting of a single brick wall with an outer bond made of
red clay. This brick door is laid by hand before each carbonization run. Three orifices of
about 15 cm × 15 cm are left at the base of the door. Two of them are used as air intakes
into the charcoaling chamber, while the other allows ignition of the wood charge inside
the kiln. The carbonization gas leaves the charcoaling chamber through four ducts located
at 0.3–0.8 m above the kiln floor (see Figure 1), which then connect to vertical chimneys
that allow the gas to be discharged directly into the atmosphere. Two of these chimneys
are built of bricks—square section—and the other two of round steel tubes. The internal
cross-section of each chimney is about 100 cm2. The kiln is built on sloping terrain to
facilitate charging through the top rear and is buried around its entire perimeter except
for the front door area. Dedicated ports for monitoring the operating conditions inside
the kiln were not available in the original design. The experiments were supported by the
personnel involved in the operation of the kiln and the whole set of equipment/machinery
available in the charcoal production facility, such as front loaders, a vehicle weighing scale,
conveyor belts, etc.

2.3. Carbonization Procedure

The carbonization experiments followed the usual procedures used in the charcoal
production facility, as established by the kiln operators. The process begins by removing the
metal ceiling and cleaning the kiln. Then wood begins to be placed inside the kiln through
the door, with the help of the operators who arrange the first layer of wood consisting of
stumps and partially charred wood from the previous cycle. Random layers of holm oak
and cork oak are then dropped from the top of the kiln into the carbonization chamber with
a front loader. As soon as the kiln is filled with wood, the metal ceiling is put back in place
and the brick door is built. Sand and red clay are used at different points in the kiln to seal
the carbonization chamber. Ignition is done through the port located at the base of the kiln
door, using a lighter and flammable material (e.g., paper, cardboard, and small wood sticks).
The heat needed to raise the temperature of the kiln is supplied by burning a fraction of the
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wood charge under poorly controlled stoichiometric conditions. Kiln control actions during
the carbonization phase are scarce and are mainly based on qualitative process observations.
For example, the color of the carbonization gas leaving the chimneys is usually taken as a
process indicator that triggers certain kiln control actions by the operators. One of these
actions isto seal the chimneys once a blue-grey flue gas is observed since it is considered
an indication of complete carbonization. After all chimneys are closed, the front air inlet
is also closed, and the door, exterior walls, and metal ceiling of the kiln are checked for
possible cracks. The sealing of the cracks is done by spreading additional red clay mortar.
This stops any combustion processes inside the kiln, thus causing the kiln temperature
to drop and the carbonization process to end. The process then enters the cooling stage,
which can take several days. Once cooled, the kiln door is disassembled, the charcoal is
removed from the kiln and transferred to a hopper (≈10 m3) by a small tractor-loader. A
conveyor belt beneath the hopper further transfers the charcoal onto a vibrating screen
sieve (≈20·mm mesh) sorting the charcoal by particle size. Particles smaller than ≈20 mm,
including small charcoal particles, dust, ash, and inert materials, are separated and pilled
outdoors (hereafter referred to as charcoal fines). The remaining material is inspected
for the presence of partially charred wood and large pieces of inert materials e.g., large
rocks entering the kiln during the loading process. Only the charcoal particles within
20 to 150 mm in size are bagged and weighting for marketing. More detailed descriptions
of the current charcoaling practices in Portugal can be found in [36].
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2.4. Measurements
2.4.1. Mass of the Wood Charge

The total mass of wood (as received) charged into the kiln was estimated from the
number of loads carried out by the front loader underuse, after a previous assessment
of the average net weight of the individual loads. For this purpose, the gross weight of
the front loader was measured a minimum of five times for each type of wood feedstocks
listed in Table 1, and the respective tare weight was subtracted. A vehicle scale was used to
perform these measurements.

2.4.2. Temperatures

Continuous temperature measurements were done by 19 K-type thermocouples posi-
tioned at different locations in the kiln, as shown in Figure 1. Vertical temperature profiles
were measured at the front (T10 to T13) and rear (T14 to T18) zones of the charcoaling
chamber. Besides, two thermocouples (T9 and T19) were placed in the centerline of the
kiln, at levels 0 m and 0.8 m. Another four thermocouples were radially distributed at level
0.8 m (T5 to T8) to create a radial temperature profile in the kiln (note that T9, T11, and
T15 are also at level 0.8 m). Additionally, one thermocouple was placed inside each of the
chimneys, at about 1 m from the outlet, to monitor the temperature of the carbonization flue
gases (T1 to T4). The positioning of the thermocouples inside the kiln was done with the
help of stainless-steel tubes resting on the kiln floor, thus allowing the thermocouples to be
inserted to the exact measuring points. More than 60 m of high-temperature thermocouple
wire (type K, RS PRO) were used in the experiments.

2.4.3. Airflow Rate

The airflow rate entering the carbonization chamber through the two air intakes at
the kiln door (Q1 and Q2 in Figure 1) was measured by air velocity sensors (OMROM
0–1 or 0–4 m/s) mounted in stainless-steel tubes (0.15 m in diameter and 1 m in length).
The calibration of these air velocity sensors was performed in the laboratory following
different methods (e.g., the CO2 dilution method [41]).

2.4.4. Composition of the Carbonization Gas

The raw carbonization gas exiting each of the kiln chimneys was sampled twice a
day. For this purpose, a 1.5 m heated probe (AISI 316 steel, max. 180 ◦C) was inserted
down through the chimneys to sample the raw gas (one at a time). About 1 ln/min of
gas was led through a series of ice-cooled traps, membrane quartz filters, and silica gel
columns to remove condensable organics, water, and particles before being collected in
suitable sampling bags (SKC FlexFoil). The sampling bags were later subjected to gas
chromatography analysis (SRI8610#3, TCD + FID detectors) to derive the composition of
the dry and clean carbonization gas in terms of CO, CO2, CH4, C2H4, C2H6, C3H8, H2, O2,
and N2. The chromatographic method was based on 9′ Hayesep D and 6′ Molecular Sieve
13X columns and a temperature program consisting of a heating ramp from 40 ◦C to 200 ◦C
at 20 ◦C/min.

2.4.5. Yields and Properties of the Carbonization Solid Products

The mass of charcoal recovered from the kiln was estimated from the quantity and
weight of charcoal bags packed for marketing. The total mass of charcoal fines was
estimated by weighting the mass of fines leaving the sieve over a period equivalent to the
filling of 10 consecutive charcoal bags. This procedure was repeated up to five times during
the kiln discharge procedure to obtain an average of the kg fines/kg charcoal ratio. The
total mass of charcoal fines recovered from the kiln was then obtained from the average
kg fines/kg charcoal ratio and the total mass of charcoal recovered. Finally, the mass
of partially charred wood was measured following the same procedure as for the wood
feedstock (see Section 2.4.1). The yields of solid products were obtained by dividing the
total mass of each product by the total mass of dry wood feedstock charged into the kiln.
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Samples of charcoal, charcoal fines, and partialized charred wood were collected
during the kiln discharge process. The samples were hand-ground in the laboratory and
subjected to proximate analysis (moisture, ash, fixed carbon, and volatile matter contents
according to DIN 51718, CEN/TS 15148:2005, and CEN/TS 14775:2004), and elemental
analysis (CHNS), while the respective LHV was also estimated according to [40].

2.5. Data Acquisition

Data signals from the thermocouples and airflow sensors were read, visualized, and
recorded through a data acquisition system based on Advantech’s ADAM 4019/4050/4055
series modules and software. In addition, temperature dataloggers (Testo 176) were used
to check and record temperatures in several kiln locations during the experiments.

2.6. Process Conditions

Two complete carbonization cycles (hereinafter referred to as Test 1 and Test 2) are
described in this work with the relevant data summarized in Table 2. Similar process
conditions were obtained for both tests, with the most notable differences being the moisture
content of the wood feedstock—from 23 wt.% in Test 1 to 12 wt.% in Test 2—caused by a
short period of rain in the days leading to Test 1 and the fact that wood is stored outdoors.

Table 2. Summary of process conditions during the wood carbonization tests.

Test 1 Test 2

Time (days)

Total cycle (carbonization + cooling) 22 23
Carbonization phase (from ignition up to the start of cooling phase) 10 11
Cooling phase (up to kiln temperatures below 50 ◦C) (1) 12 12

Total precipitation during cycle (mm) 3 4

Average feedstock moisture content (wt.%, wet basis) 23 12

Dry feedstock input (ton)

Total feedstock 21.7 21.6
Cork oak wood 16.8 17.5
Holm oak wood 1.5 1.3
Tree stumps 2.4 0.9
Partially charred wood 1.1 1.8

Maximum temperatures (◦C)

Kiln front (T10 to T13) 807 808
Kiln rear (T14 to T18) 298 322
Kiln floor (T14 and T19) 132 135
Chimneys (T1 to T4) 379 211

(1) The cooling phase was considered to end when all measurement points reached a temperature below 50 ◦C.

3. Results and Discussion
3.1. Temperature-Time Profiles

Once the wood is ignited, a vertical temperature profile develops within the kiln,
which means that different levels of the kiln will be at different temperatures (or, in other
words, at different stages of carbonization). It is then necessary to choose a particular
level of the kiln to describe the temperature–time profile experienced by the converting
wood load. Since seven thermocouples were available at 0.8 m (see Figure 1), this level
was chosen to illustrate the temperature evolution over the first 14 days of the process (see
Figure 2). The sequence of temperatures shown for the 0.8 m level is similar to those in
other levels of the kiln, although there is a lag time between different levels in the kiln
because of the vertical temperature profile mentioned above (see also Section 3.2). For the
sake of clearness, only the results for Test 1 are shown in Figure 2, although the results



Energies 2022, 15, 4775 7 of 21

were consistent and similar for both tests described in Table 2. The lack of data from day
14 onward was due to power supply failures at the charcoal production facility.
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The first aspect to highlight in Figure 2 is that the temperature near the kiln’s door
(T11) shows different behavior from the other measurement points at the 0.8 m level, being
characterized by consistently higher (up to ≈800 ◦C) and unstable values. This behavior
is related to the ignition technique used since the combustion process—which allows the
kiln to heat up—develops from the ignition hole in the kiln door (see the position of the
ignition hole in Figure 1). As a result, the T11 thermocouple captures the phenomena
related to wood devolatilization and gas-phase combustion of the volatiles, involving fast
chemical reactions and releasing large amounts of energy. Active flames were seen through
the ignition and air inlet holes during the initial days of the carbonization process. On
the opposite, the T5–T9 and T15 thermocouples, which are away from the combustion
zone, show a stable and similar pattern. Even the T7 and T8 thermocouples, located only
≈1 m away from the door (Figure 1), do not show the unstable and highly exothermic
phenomena observed in T11, at least for the first days of the cycle. This shows that the area
near the door is unique and does not represent what happens in the majority of the kiln.
For this reason, little will be said about the T11 thermocouple in the following discussion
of temperatures-time profiles in the bulk of the wood charge.

Figure 2 shows that the carbonization cycle—at the 0.8 m level of the kiln—begins
with a one-day heating phase from ambient temperature to nearly 100 ◦C, i.e., the steam
saturation temperature at atmospheric pressure [42]. After this point, water/steam equi-
librium determines the next phase of the process to be almost isothermal (i.e., at ≈100 ◦C)
until the wood feedstock is completely dry. The drying phase lasts up to about day four,
corresponding to a water evaporation rate of roughly 65 kg/h (considering 28.2 tons of
wet wood with an average moisture content of 23 wt.%, as shown in Table 2). From the
fifth day on, the wood located at the 0.8 m level is almost dry and, as a result, the temper-
ature rises again. This new heating phase raises the temperature of the kiln to a plateau
typically between 250 and 350 ◦C, at a heating rate of no more than 0.1 ◦C/min. The
increase in temperatures in the kiln enables the carbonization stage to begin since the wood
macro-components (hemicellulose, cellulose, lignin, and extractives) are thermally unstable
at these temperatures (see e.g., [43]). For instance, thermogravimetric analysis of both
softwoods and hardwoods, under an inert atmosphere, showed that weight loss starts at
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about 200 ◦C, and increases rapidly above 250 ◦C [44]. This low-temperature degradation
of wood was attributed primarily to the decomposition of hemicellulose and cellulose,
involving dehydration and deacetylation reactions [45], while lignin was found to degrade
at higher temperatures (typically above 300 ◦C) [46]. The bulk of the carbonization process
occurs during a three-day period (from day 7 to 10) during which the kiln temperature
stabilizes within the above-referred range of 250–350 ◦C. However, it should be noted that
the peaks above 300 ◦C observed during this phase are from thermocouples T7 and T8
that are closer to the kiln door. Since wood combustion develops from the ignition hole
upward and toward the center of the kiln, it is justified that thermocouples T7 and T8
also start to show higher and more unstable values as the process develops. Therefore, if
we consider that T7 and T8 also become more directly influenced by the above-referred
combustion phenomena, it can be stated that the temperature across the kiln does not
exceed ≈300 ◦C during the carbonization phase. As discussed above, these temperatures
are low and perhaps insufficient to extensively convert the main components of wood
(mainly lignin) thus compromising the charcoal quality (see Section 3.5).

Two aspects are worth noting about the phase of temperature stability between days
7 and 10 (Figure 2). The first is related to the stable behavior of thermocouple T11 from day
8 onward. The large quantity of the wood feedstock near the door is already burnt at this
time and, thus, there is no further active combustion in the vicinity of thermocouple T11;
also, a significant amount of ash accumulates, as was later observed during kiln discharge.
As a result, starting on day 8, thermocouple T11 follows the average trend of the other
thermocouples at level 0.8 m. The second aspect is related to thermocouple T5 located
at the rear part of the kiln, close to chimney S2, where temperature peaks up to 550 ◦C
were observed. This behavior is related to a common occurrence in this type of kilns: at
certain moments in the process, one or more chimneys can act as air intakes rather than
as carbonization gas outlets. This also results from the accumulation of ash near the kiln
door, which can lead to a partial or total clogging of the air intakes. As a result, the kiln
draft forces air downward through one or more chimneys to compensate for the clogged
air intakes. The air entering through the chimneys allows combustion processes to develop
near the exhaust ducts at the base of the kiln, leading to the emergence of hotspots. This
was the case for chimney S2, which started acting as an air intake at an early stage of the
process (on day 4 of Test 1), as visually confirmed by the absence of smoke coming out of
this chimney and also by the fact that its temperature (T2 in Figure 1) dropped to nearly
ambient temperature by the same time (data not shown). Later inspection of the gas outlet
duct leading to chimney S2 showed significant ash deposition in this area (Figure 3), thus
confirming the occurrence of combustion near thermocouple T5.

On day 10, the process goes into the last phase, which is the cooling phase. This
phase begins once the air intakes and chimneys are sealed by the kiln operators using,
for example, red clay mortar. Sometimes a delay of up to two days occurs in sealing,
depending on the assessment made by the operators. During the cooling phase, the internal
temperature of the kiln tends to balance, as seen in Figure 2. It takes 10 to 12 days for all
the thermocouples inside the kiln to reach temperatures below 50 ◦C, which corresponds
to an average cooling rate of less than 0.5 ◦C/min. This long cooling period brings the total
length of the carbonization cycle (carbonization period + cooling period) to over 20 days
(see Table 2) and represents significant productivity losses for the process.
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Figure 3. Ash deposition around the gas outlet duct leading to chimney S2 as observed during the
kiln discharge procedure following carbonization Test 1.

3.2. Vertical Temperature Profiles

Figure 4 shows the daily average, maximum, and minimum temperatures registered
on a vertical profile at the rear part of the kiln during Test 1, as given by thermocouples T14
to T18 in Figure 1. It is expected that this vertical profile remains valid in other positions of
the kiln, except in the zone close to the door where continuous combustion phenomena
was observed. Figure 4 also provides insight into the time lag between the 0.8 m level and
other levels in the kiln.

Energies 2022, 15, x FOR PEER REVIEW 10 of 21 
 

 

   

Figure 4. Vertical temperature profiles at the rear part of the kiln during Test 1, from day 0 to day 
9, as measured by thermocouples T14 (0 m) to T18 (5 m). (a) from day 0 to 3, (b) from day 4 to 6, and 
(c) from day 7 to 9. 

Figure 4 shows that although the wood load is ignited near the base of the kiln door, 
the temperate rises faster at the top of the kiln than at the bottom. For instance, on day 4, 
the average temperature at the 5 m level thermocouple (T18) is 280 °C (i.e., the aforemen-
tioned 250–300 °C plateau has already been attained at this level), while at the 0.8 m and 
0 m levels it is still below 100 °C. This means that, on day 4, the wood at the 5 m level has 
already started to carbonize while the wood below the 0.8 m level is not even completely 
dry. At the 0.8 m level, it takes an additional three days for the temperature to reach ≈ 270 
°C. At the 0 m level, the temperature remains below ≈ 130 °C during the whole carboniza-
tion cycle. The fact that the temperature at the top of the kiln stabilizes at 250–300 °C 
around day 4 is not a consequence of the control action performed by the kiln operators. 
It is only the result of the thermal balance between the exothermic combustion reactions, 
endothermic pyrolysis reactions, and heat losses through the kiln walls, metal ceiling, and 
chimneys. With the top of the kiln at a steady temperature of 250–300 °C, a downward 
heat flux develops that promotes the sequential heating and conversion of the lower layers 
of wood as the process unfolds. Heat transfer primarily occurs by the downward flow of 
hot gases and vapors (i.e., volatile matter and steam) toward the gas outlets at the base of 
the kiln. The hot gases and vapors cool down and condense in the lower layers of wood, 
thus releasing sensible and latent heat that would ultimately lead to an isothermal condi-
tion throughout the kiln. However, this process also promotes the accumulation of liquids 
(i.e., condensed organics vapors and water) at the kiln floor, sometimes making it neces-
sary to drain them out through the door. The condensing vapors are the most plausible 
explanation for the extremely low temperatures observed at the kiln floor since this level 
becomes highly influenced by the boiling temperature of the accumulated liquids. The 
overall result is a steep temperature gradient developing at the base of the kiln. For in-
stance, as of day 7, the whole vertical temperature profile is at 250–300 °C but the base 
(i.e., at 0 m level) is still under 130 °C (see Figure 4c). As will be seen later, these low 
temperatures at the kiln floor led to significant amounts of unconverted wood in this re-
gion of the kiln. 

3.3. Intake Airflow Rate 
Figure 5 shows the daily average, maximum, and minimum airflow rates through 

the air inlets at the base of the kiln door, considering the data for both Tests 1 and 2 (see 

Figure 4. Vertical temperature profiles at the rear part of the kiln during Test 1, from day 0 to day 9,
as measured by thermocouples T14 (0 m) to T18 (5 m). (a) from day 0 to 3, (b) from day 4 to 6, and
(c) from day 7 to 9.
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Figure 4 shows that although the wood load is ignited near the base of the kiln door,
the temperate rises faster at the top of the kiln than at the bottom. For instance, on day 4, the
average temperature at the 5 m level thermocouple (T18) is 280 ◦C (i.e., the aforementioned
250–300 ◦C plateau has already been attained at this level), while at the 0.8 m and 0 m levels
it is still below 100 ◦C. This means that, on day 4, the wood at the 5 m level has already
started to carbonize while the wood below the 0.8 m level is not even completely dry. At the
0.8 m level, it takes an additional three days for the temperature to reach ≈270 ◦C. At the
0 m level, the temperature remains below ≈130 ◦C during the whole carbonization cycle.
The fact that the temperature at the top of the kiln stabilizes at 250–300 ◦C around day 4 is
not a consequence of the control action performed by the kiln operators. It is only the
result of the thermal balance between the exothermic combustion reactions, endothermic
pyrolysis reactions, and heat losses through the kiln walls, metal ceiling, and chimneys.
With the top of the kiln at a steady temperature of 250–300 ◦C, a downward heat flux
develops that promotes the sequential heating and conversion of the lower layers of wood
as the process unfolds. Heat transfer primarily occurs by the downward flow of hot gases
and vapors (i.e., volatile matter and steam) toward the gas outlets at the base of the kiln. The
hot gases and vapors cool down and condense in the lower layers of wood, thus releasing
sensible and latent heat that would ultimately lead to an isothermal condition throughout
the kiln. However, this process also promotes the accumulation of liquids (i.e., condensed
organics vapors and water) at the kiln floor, sometimes making it necessary to drain them
out through the door. The condensing vapors are the most plausible explanation for the
extremely low temperatures observed at the kiln floor since this level becomes highly
influenced by the boiling temperature of the accumulated liquids. The overall result is a
steep temperature gradient developing at the base of the kiln. For instance, as of day 7, the
whole vertical temperature profile is at 250–300 ◦C but the base (i.e., at 0 m level) is still
under 130 ◦C (see Figure 4c). As will be seen later, these low temperatures at the kiln floor
led to significant amounts of unconverted wood in this region of the kiln.

3.3. Intake Airflow Rate

Figure 5 shows the daily average, maximum, and minimum airflow rates through
the air inlets at the base of the kiln door, considering the data for both Tests 1 and 2 (see
Table 2). Data are unavailable on day 0 because of limitations related to the kiln ignition
procedure that prevented the use of the airflow monitoring system. From day 9 onward,
no data are available either since the kiln was sealed for cooling. Yet, the figure is based on
a complete dataset for Test 1 (data collected from day 1 to day 9) and an incomplete dataset
for Test 2 (data collected from day 1 to day 4, sometimes intermittently); this was due to
several problems during Test 2, including flowrate sensor failure caused by both the power
supply and dust accumulation issues.

Figure 5 shows that the airflow rate is considerably higher during the first four days of
the process, with average daily values above ≈600 ln/min and peaks up to ≈1200 ln/min.
Thereafter, the airflow rate is typically less than 200 ln/min. One explanation is that the
ash resulting from the initial phase of intense combustion near the door leads to clogging
of the air intakes within about four days of operation. The plummeting airflow from day
4 to day 5 is consistent with the moment when temperatures start to rise at faster rates at
the top of the kiln. For example, the temperature at the 5 m level rises from ≈150 ◦C on
day 4 to above 250 ◦C on day 5 (see Figure 4). It is then possible that the high airflow rates
during the first days of the carbonization cycle may contribute to lowering the temperature
inside the kiln because of the increase in the sensible heat of N2 as it travels across the
kiln. However, it should be noted that the drop in airflow rate through the air intakes also
coincides with the moment when the air begins to enter through chimney S2, as discussed
above. Therefore, the decrease in the airflow entering through the door may be partially
or fully offset by air entering through other (unmeasured) points in the kiln (including
chimney S2 and wall cracks). It is not possible to clarify to what extent this may be the case
from the results of this work.
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including the results for both Tests 1 and 2.

3.4. Composition of the Carbonization Gas

The concentrations of CO2, CO, CH4, CxHy, H2, O2, and N2 in the dry and clean
carbonization gas leaving each of the four chimneys of the kiln during Test 1 are shown
in Figure 6. Data are unavailable during the final part of the carbonization phase because
of the partial or total closure of the chimneys, which made gas sampling unfeasible. In
particular, data from chimney S2 are only available up to day 4, i.e., the day when this
chimney started to act as an air intake instead of the gas outlet.
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Similar gas concentration-time profiles were observed in all chimneys, indicating that
the carbonization process unfolds quite uniformly across the kiln cross-section. However,
there is some differences in “instantaneous” concentration values measured between
chimneys. For example, an increasing trend in the concentration of CO is seen for all
chimneys between days 3 and 6, although the values in chimney S1 are consistently lower.
These inter-chimney differences vary from less than 2 vol.% in the cases of CO, H2, and
CH4 to more than 5 vol.% in the cases of CO2, O2, and N2. Hence, for multi-chimney
kilns like the one under study, the composition of the gas leaving a given chimney may
not be representative of the gas leaving the other chimneys. Possible explanations for the
differences in gas concentration between chimneys may include localized non-uniformities
of wood conversion inside the kiln and temporary changes in the gas path across the wood
bed. For example, Figure 6 shows that the behavior of chimney S1 changes when the air
starts to enter through chimney S2 (end of day 3). This suggests that the air entering from
chimney S2 has led to a preferential outflow of gases through chimney S1, including some
by-pass of air (i.e., N2 and O2), which can also explain the lower concentrations of the
other gases.

It is also worth noting the high concentrations of N2 in the dry and clean gas leav-
ing the kiln, with values of no less than 60 vol.% during the whole carbonization cycle.
For comparison purposes, the N2 content of combustible gases from direct biomass gasi-
fiers, in which the aim is to fully gasify the fuel (including the char), is typically within
50–60 vol.% [47], which points to the huge amount of air that enters the kiln. The concen-
tration of N2 is higher during the first four days of the process (drying phase) with values
close to 79 vol.%, i.e., the N2 content of dry ambient air. This is because neither wood
combustion—which occurs near the kiln door—nor wood drying leads to a net increase
in dry gas molecules (assuming complete combustion for simplicity) and, therefore, the
concentration of N2 in the flue gases remains similar to that in the incoming air. The N2
concentration starts to decrease on day 4 and reaches a minimum on day 7 with values
within 60 to 70 vol.% (depending on the chimney). This decreasing trend of N2 is mainly
related to the dilution effect caused by the release of volatile gases from the converting
wood charge. Indeed, this trend follows the above-mentioned heating ramp of the wood
charge from ≈100 ◦C to the maximum plateau of 270–300 ◦C (see Figure 2), during which a
more intense outflow of grey gas leaving the chimneys is observed. In addition, the lower
airflow rates entering the kiln during this period, as discussed earlier in Section 3.3, may
also contribute to the decreasing concentration of N2 in the carbonization gas. After day 7,
the N2 concentration rises again to ≈79 vol.% given the high degree of devolatilization of
the wood charge at this stage of the process, which means that the release of volatile gases
is again of little relevance. As previously referred to, the kiln operators were able to detect
this process condition based on visual observations and proceeded to close the chimneys.

The concentration-time profile of O2 shows similarities with the respective N2 profile.
This suggests that significant amounts of O2 can bypass directly from the air intakes to the
carbonization gas outlets. During the initial days corresponding to the drying phase, when
low temperatures are observed in most of the kiln, the O2 content in the gas is high, with
values up to 15 vol.%. Therefore, a considerable excess of air seems to occur during this
initial phase of the process, which may delay the heating of the wood charge, as previously
discussed. There is a correlation between the sharp plunge in O2 on day 2, down to almost
6 vol.% in chimney S4, and the temperature peak occurring in the combustion zone at
roughly the same time (almost 800 ◦C in T11, see Figure 2). This drop of O2 follows the drop
observed for N2 and corresponding increases in CO, CO2, H2, and CH4, which suggests
that this temperature peak may be due to a transient shortage of air entering the kiln.
However, the plausible contribution of a more intense combustion period cannot be ruled
out either. As in the case of N2, a consistent decrease in O2 concentration becomes evident
on day 4, until reaching minimum values of less than 3 vol.% on day 7. In addition to the
effects related to the dilution by the released carbonization gases and the lower airflow
rates during this phase, the lower concentration of O2 also results from the fact that this gas
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(unlike N2) is consumed in the combustion reactions taking place inside the kiln. Thus, the
O2 decreases to almost zero during this phase while the N2 does not drop below 60 vol.%.
The subsequent rise in the O2 concentration after day 7 suggests that some air is bypassing
again into the chimneys by this time.

Figure 6 also shows that the main gases released from wood carbonization are CO2,
CO, H2, and CH4, while the quantities of other hydrocarbon species (in this study, C2H4,
C2H6, and C3H8) are comparatively low. The concentration-time profiles of these species
are essentially the opposite of those observed for N2 and O2.This is especially the cases of
CO2 and CO, which are by far the dominant product species in the carbonization gas: these
species start to increase as soon as N2 and O2 start to plummet on day 4. This is because the
CO2 and CO are a result of both wood combustion reactions and wood pyrolysis reactions
inside the kiln, where CO2 is the dominant product in both cases (see e.g., [48]). The CO2
concentration doubles the one of CO, with values that can easily exceed 20 vol.%. Unlike
CO2 and CO, the H2 and hydrocarbons are mainly a result of wood pyrolysis reactions.
These last species start to be released at higher rates on day 6 until peaking on day 7, which
is roughly two days after the rise of CO2 and CO. It seems that this delay is equivalent to
the time needed for the kiln to approach the maximum temperature values of 270–300 ◦C,
at which the production of H2 and CH4 by pyrolysis reactions are favored. The H2 reaches
maximum values of≈6 vol.% on day 7, while CH4 and the remaining lumped hydrocarbons
(CxHy)do not go beyond ≈3 vol.% and ≈1 vol.%, respectively. On day 7, the carbonization
gases measured in this work begin to plunge, thus pointing to a condition of complete
wood devolatilization at the current temperatures observed in the kiln. The available
information (up to about day 8.5) suggests that by day 8 much of the carbonization process
is complete, although some additional charcoal combustion/gasification surely occurs.
This results from the fact that the fall in H2, and especially in hydrocarbons, appears to be
steeper than the fall in CO2 and CO. The last measurement point shown in Figure 6 even
suggests a slight rise in CO2, CO, and H2 while the hydrocarbons follow a downward trend.
This behavior may result from combustion and gasification reactions between the charcoal
and O2 or H2O, the latter present at the base of the kiln or associated to the incoming
atmospheric air.

The LHV of the dry carbonization gas mixture shows a similar time profile to those
of H2, CH4, and CxHy (Figure 6). Besides the peak observed on day 2, the LHV of the
gas is less than 0.5 MJ/kg during the first four days of the process (i.e., the drying phase)
and subsequently rises to a maximum of about 2.5 MJ/kg (dry basis) on day 7; a sharp
decrease is observed thereafter. The carbonization gas is very poor in terms of heating
value and, at most, it can reach a quality similar to gases from direct biomass gasifiers
(typically 3 to 5 MJ/kg [47]) when the kiln reaches the highest temperatures (i.e., around
day 7 under the conditions of the present study).

3.5. Properties of the Carbonization Solid Products

As previously mentioned, charcoal is the wanted product in the carbonization process,
although two solid byproducts are obtained along with it: charcoal fines and partially
charred wood. The partially charred wood makes up the bottom layer of the charge
(≈50 cm above the kiln floor) where temperatures did not exceed ≈130 ◦C because of the
build-up of pyrolytic liquids and water. The size and composition of the partially charred
wood can vary widely, which makes it of little commercial value. In practice, the materials
recovered from a given carbonization batch are set aside for use in the subsequent batch. In
this context, Table 1 provides insight into the composition of the partially charred wood
used as feedstock during Test 1, and no further reference to it will be made in this section.
For the other solid products, Table 3 provides a summary of their main characteristics based
on results from both Test 1 and Test 2.
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Table 3. Characteristics of charcoal and charcoal fines as recovered from inside the kiln in the
aftermath of the carbonization process.

Solid Products (e) Fixed Carbon Ash Carbon Content O/C H/C LHV (d)

[wt.%] [wt.%] [wt.%] [kg/kg] [kg/kg] [MJ/kg]

Charcoal—a (a) 81.1 ± 2.0 6.8 ± 2.0 82.7 ± 1.4 0.09 ± 0.04 0.02 ± 0.01 29.9 ± 0.1
Charcoal—b (b) 64.2 ± 4.7 5.3 ± 0.8 72.3 ± 3.4 0.25 ± 0.06 0.04 ± 0.01 26.3 ± 1.3

Charcoal fines (c) 50.5 ± 3.8 23.0 ± 4.4 60.5 ± 4.9 0.25 ± 0.10 0.04 ± 0.01 21.4 ± 2.4
(a) Recovered from the region near the kiln door. (b) Recovered from the bulk of the carbonization chamber.
(c) Initial and final stages of kiln discharge not included. (d) Lower heating value. (e) Average± one std. deviation.

There are two qualities of charcoal produced in the kiln—“charcoal-a” and “charcoal-
b” in Table 3—depending on the kiln location from where the samples were recovered.
The samples of “charcoal-a” were recovered from the small region near the kiln door,
where continuous combustion processes took place and maximum temperatures of 800 ◦C
were reached. In turn, the samples of “charcoal-b” were recovered from the remaining
parts of the kiln (except the bottom layer) where fairly uniform maximum temperatures
of 270–300 ◦C were observed. Charcoal-a is characterized by high fixed carbon content
(≈82 wt.%), high elemental carbon content (≈83 wt.%), high ash content (≈7.0 wt.%), and
high LHV (≈30 MJ/kg), which can be linked to the two distinctive features of the door
region: steadily higher temperatures and continued combustion of wood/charcoal. The
higher temperatures are well-known to favor the release of volatile species from the solid
particles under conversion. This volatile fraction was found to be rich in oxygen and
hydrogen [18,48] with the outcome being an increase in the fixed and elemental carbon
contents of the remaining solids, i.e., the charcoal. This positive relationship between the
fixed/elemental carbon contents of charcoal and the maximum pyrolysis temperature is
well-documented in the literature [17,18,49], with major changes starting at temperatures
as low as 200 ◦C. Regarding the ash content, the higher values found in charcoal-a result
from a combination of the two features mentioned above. On the one hand, the higher
temperatures also lead to lower charcoal yields [1,18], and since charcoal retains most of
the ash originally present in the wood, the overall result is an increased ash content of
charcoal. On the other hand, the progressive oxidation of the charcoal particles, owing to
the high temperatures and high oxygen availability in the door region, further bolsters
its enrichment in ash. As for the higher LHV of charcoal-a, it results from a balance
between its higher carbon contents and higher ash contents, where the former contributes
favorably to increasing the LHV and the latter unfavorably. In comparative terms, charcoal-
b, which represents the overwhelming part of the total charcoal recovered from the kiln
(possibly more than 90% based on a rough estimate of the number of full tractor buckets
recovered from this region of the kiln), shows significantly lower values of fixed carbon
content (≈65 wt.%), elemental carbon content (≈72 wt.%), ash content (≈5 wt.%), and
LHV (≈26 MJ/kg). Following the discussion above, this can be attributed to the lower
carbonization temperatures in this region of the kiln (typically below 300 ◦C). These
characteristics point to a low-quality charcoal, namely considering its use as cocking fuel
in residential or professional appliances, which is the major market in Portugal [36]. For
instance, the indicative value established in the European standard EN1860-2-2005 [25]
for barbecue charcoal is at least 75 wt.% fixed carbon and at most 8 wt.% ash. Although
the ash content can pass, the fixed carbon content of charcoal-b is lower (64.9 ± 5.2 wt.%)
than the threshold given in the standard. According to a previous study [50], the way to
increase the fixed carbon content of charcoal to at least 75 wt.% is to raise the carbonization
temperature from 300 ◦C to 400 ◦C, which may be difficult to achieve based on the type of
brick kilns under study.

Unlike the charcoal samples that were hand-collected from inside the kiln, the charcoal
fines were collected at the exit of the vibrating screen during the charcoal bagging process.
Under these conditions, it is not possible to know the exact kiln location from where each
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fines sample was collected since there is some mixing of materials during the kiln discharge
process (e.g., mixing inside the hopper before screening). Thus, in the case of the charcoal
fines, no distinction is made between the region near the kiln door and the remaining
parts of the kiln. Rather, Table 3 shows the average composition of the fines as derived
from the analysis of a set of samples taken throughout the whole kiln discharge process.
Deliberately, only the very initial and final stages of kiln discharge were excluded from this
analysis, since it was found that the fines collected at these stages have very distinctive
characteristics. On the one hand, the fines collected with the first tractor buckets removed
from the kiln have visibly high amounts of ash resulting from the wood combustion process
unfolding near the kiln door. On the other hand, the fines collected in the last tractor
buckets removed from the kiln have a high quantity of inert materials (namely, sand, small
rocks, and brick debris) that have been accumulating at the base of the kiln throughout
the discharge process. Under the referred conditions, the conclusion drawn is that most of
the sampled charcoal fines have a relatively homogeneous composition. Of note is their
high ash content of 23 ± 4.4 wt.% which negatively influences the other characteristics of
the fines. For instance, the fixed carbon content of the dry fines can easily plunge to under
50 wt.% and the respective LHV to under 21 MJ/kg. However, if these values are corrected
to a dry ash-free basis, the organic fraction of the charcoal fines has a similar composition
to that of the dry ash-free charcoal particles, which would be expected given that both
experienced similar temperature–time profiles inside the kiln.

3.6. Overall Mass Balance to the Carbonization Process

Figure 7 provides insight into the mass balance of the carbonization process based
on the gravimetric analysis of the dry solid materials that were loaded or unloaded from
the kiln during Tests 1 and 2. The dry solid inputs correspond to the dry wood feedstocks
described in Section 2.1 (cork oak, holm oak, partially charred wood, and stumps), with
their main characteristics and quantities given in Tables 1 and 2, respectively. On average,
the total amount of dry wood loaded into the kiln was about 21.7 tons per batch, of which
cork oak wood accounts for nearly 80 wt.% and the remaining feedstock types within
7 to 8 wt.% each. The bulk density of the dry wood charge in the kiln is nearly 270 kg/m3.
After the carbonization process, the height of the charge inside the kiln decreases from 5 m
to within 3 to 3.5 m, and its total dry mass to about 8 tons. Of this, 4.9 tons corresponds
to dry charcoal for marketing, 1.9 tons to dry partially charred wood, and 1.2 tons to dry
charcoal fines (average values for Test 1 and 2).
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There is some variation in the mass of solid products recovered from the kiln between
Tests 1 and 2: the differences were 475 kg for charcoal, 800 kg for fines, and 2560 kg for
partially charred wood. The amount of partially charred wood recovered in Test 1 was high
(3.1 tons), even higher than the respective amount initially charged into the kiln (1.1 tons).
According to the kiln operators, this range of cycle-to-cycle variations in the amounts of
solid products recovered from the kiln is typical. However, in extreme cases where the
kiln temperature does not rise or uncontrolled charcoal combustion occurs, the variations
can be much higher and can lead to an almost complete loss of the batch. This points to
inadequate process monitoring/control methods, mostly relying on empirical observation.
The above-mentioned 8 tons of dry solid products recovered from the kiln means that
the volatile matter (i.e., permanent gases and liquids) released from the dry wood charge
amounts to 13.7 tons (value taken as difference). However, the total amount of gases and
liquids released from the kiln is much higher than this, owing to the water associated
with the wood moisture, the nitrogen, and the oxygen associated with the combustion air
entering the kiln.

The quantity of charcoal recovered from the kiln is equivalent to a charcoal mass
yield of ≈23 wt.% (dry wood feed basis). At the time of bagging, the charcoal can be
considered dry because the small time-lag between kiln discharge and charcoal bagging
(<1 h); this is supported by later laboratory measurements of the moisture content of the
charcoal samples, with values typically under 5 wt.% (wet basis). As an approximation, if
the composition of “charcoal-b” in Table 3 is taken as representative of the whole amount
of charcoal recovered from the kiln, then the above mass yield of ≈23 wt.% is equivalent to
a charcoal carbon yield of ≈34 wt.% (i.e., the mass of elemental carbon remaining in the
charcoal corresponds to about 34 wt.% of the mass of elemental carbon present the dry wood
feed), and energy conversion efficiency of also ≈34% (i.e., charcoal accounts for about 34%
of the total chemical energy fed to the kiln as dry wood feedstock, as calculated from the
LHV of both dry wood and dry “charcoal-b”). For comparison purposes, Charvet et al. [50]
presented a study of the mass balance of wood carbonization under the N2 atmosphere
(i.e., indirect carbonization), including experiments with cork oak wood at 300 ◦C peak
temperature. Their measurement values of charcoal mass yield, charcoal carbon yield,
and energy conversion efficiency were 42 wt.%, 56 wt.%, and 54%, respectively, which are
higher than the values obtained in this work. Even if the total amount of fines recovered
from the kiln (on average 1.2 tons per cycle, Figure 7) is added to the charcoal (i.e., making
a total of 6.1 tons of carbonized solid products per batch), the performance of the traditional
process would remain comparatively low. This low performance of the traditional process
(as compared to reference values resulting from laboratory tests in [50]) points to some
operational drawbacks such as the burning of wood inside the kiln, the build-up of liquids
on the kiln floor, and the poor control during the final stage of the process where unwanted
charcoal burning is likely. Comparison with results from other carbonization kilns is
difficult, as there can be large variability in fuel characteristics (including the type of wood,
moisture content, particle size, etc.), kiln configuration, operating conditions, methods,
and weather conditions, as well as in the way the results are reported (dry vs. wet basis,
method used for the quantification of charcoal fines, etc.). An analysis of results from
carbonization tests with different types of wood and kilns, including traditional masonry or
earth kilns operated in various regions of the world, point to highly variable charcoal yields
of typically within 20–35 wt.% [21,24,51]; this places the results of this work (≈23 wt.%)
closer to the lower end of this range.

4. Conclusions

Experiments were conducted in a large-batch charcoal kiln to improve current knowl-
edge about the production methods in use in the Portuguese region of Alentejo. The kiln
comprised a cylindrical charcoaling chamber made of hollow and solid bricks (≈80 m3), a
removable metal ceiling, four chimneys for gas exhaust, and a front door through which the
wood is ignited and air is supplied to the process. A set of instrumentation was amassed
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around this kiln to evaluate its operating conditions (temperatures, airflow rate, and com-
position of solid and gaseous products) and mass balance during regular carbonization
cycles. The results lead to the following main conclusions:

• Charcoal production in traditional brick kilns is a flexible process in terms of the size
and properties of the wood raw materials—both small branches and large logs can be
used, as well as wood containing bark, inert materials (e.g., soil and stones associated
with the stumps), and partially charred materials—which underlines its usefulness in
the context of forest waste management.

• Current practices of process control and monitoring are limited to visual observations—
e.g., the color of the smoke leaving the chimneys—which makes it difficult to con-
tinuously follow the process (e.g., during night periods and weekends) and early
detectoperational problems, chiefly combustion hotspots caused by uncontrolled tem-
peratures (sometimes exceeding 800 ◦C) and air intake, with consequent loss of wood
and charcoal.

• Improper design aspects of the kiln further reduce its performance, including (i) lack
of insulation in the metal ceiling, (ii) build-up of liquids on the kiln floor because
of insufficient drainage, (iii) easy clogging of the air inlets by ash accumulation,
(iv) unknown air inlets, including through the chimneys and/or wall cracks, and
(v) inadequate number, layout, and size of the chimneys. The large size of the kiln can
also hinder productivity as it leads to longer production cycles (>20 days)—associated
with the wood drying and heating (>4 days) and charcoal cooling (>10 days) phases—
and extended oxidation of charcoal inside the kiln.

• Inappropriate carbonization methods are also in use, of which the following are
highlighted given their impact on the charcoal yield: (i) the ignition/heating method
that is based on the continuous and uncontrolled combustion of the wood charge
inside the kiln, (ii) the kiln charging method that favors the placing of thicker wood
pieces on the kiln floor where temperatures are lower and carbonization more difficult,
and (iii) the kiln-sealing method that follows an indefinite sequence of closing the
chimneys and air intakes (sometimes for two consecutive days) that seems to allow
excessive burning of charcoal.

• The overall performance of the kiln is poor in terms of charcoal yield (≈23 wt.%)
and quality, the latter mainly evidenced by its low fixed carbon contents (values as
low as 60 wt.% are possible). This follows from key limitations in the kiln: the low
maximum temperatures observed in most of the carbonization chamber (typically less
than 300 ◦C), the inability to raise the temperature at the kiln floor above 130 ◦C, and
the high O2 levels inside the kiln (often above 5 vol.%). Then significant amounts of
byproducts are obtained: partially charred wood, charcoal fines, permanent gases,
and liquids. While the partially charred wood is reused in the process and the char-
coal fines marketed (mainly for briquette manufacturing), the gases and liquids are
currently discharged into the atmosphere and soil. The gas composition is most fa-
vorable between days 4 and 7 of the cycle, where the concentration of combustible
species (mainly, H2, CH4, and CO) and the LHV of the gas is higher; at this stage,
the carbonization gas can approach the quality of gases from direct biomass gasifiers.
Otherwise, the gas quality is very low, which can halt valorization, although it needs
some kind of treatment before discharge into the atmosphere.

• Charcoal consumers are increasingly aware of the quality and environmental issues
associated with this activity and initiatives addressing both production certification
and charcoal quality requirements are rising. It is then important to take urgent
action to modernize the charcoal production activities and the market suitability of
both charcoal and byproducts. The focus should be on research and technological
development, funding, training, and administrative and legal frameworks to find
solutions tailored to current activities and available infrastructure. These will be
decisive to prevent charcoal production from vanishing from Portugal and other EU
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countries, where it is still an important activity, both for economic reasons and for
forest biomass management reasons.
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