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Abstract

Context: It is estimated that, in Colombia, more than 1300 brick industries consume
around 5800 Tcal/year, which are supplied by coal, biomass, wood, and gas
combustion. The most commonly used kilns are down-draught, wherein coal
combustion is produced on fixed-grate beds, emitting greenhouse gases and other
pollutants. As a contribution to solving this problem, this work presents the model
of a fixed-bed system with coal volatiles post-combustion.

Method: Temperature, time, coal consumption, and combustion products were
monitored in a down-draught kiln, in order to determine their mass, energy, and
thermal efficiency balances. Coal characterization was performed under ASTM
standards, ashes were determined via XRD, XRF, and TGA, and emissions were
obtained using a gas analyzer. The thermodynamic model used to design the 3D
reactor was based on coal-burning analysis.

Results: The process lasted 3166 min, consuming 2150 kg of coal. The combustion
gases exhibited a varying composition of COz, CO, O3, and hydrocarbons. The
temperature on the grate reached 900 °C, and we recorded 1000 °C in the dome and
600 °C at the chimney base. The temperature difference between the dome and the
chimney base explains the heat transferred for ceramic baking. The calorific value of
the char was 19.52 % higher than that of the coal used. The composition of the ash
showed silicon oxide, mullite, and goethite. The 3D model consists of a grate with
preheater ducts for the secondary air post-combustion of the volatiles.

Conclusions: The outcome of this research was the 3D model of a fixed-bed grate
for coal combustion and volatiles post-combustion. With its implementation, we
expect to improve air quality and reduce the effects of the process on human health,
as well as its operating costs.
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Resumen

Contexto: Se estima que, en Colombia, mas de 1300 industrias ladrilleras consumen alrededor de 5800 Tcal/afio,
provenientes de la combustién de carbén, biomasa, lefia y gas. Los hornos méds comunes son los de tiro descendente,
en los cuales la combustién del carbén se realiza sobre parrillas fijas, emitiendo gases de efecto invernadero y otros
contaminantes. Como contribucién a la solucién de este problema, este trabajo presenta el modelo de un sistema
de lecho fijo con poscombustién de volatiles del carbén.

Método: Se monitorearon la temperatura, el tiempo, el consumo de carbén y los productos de combustiéon en un
horno de tiro descendente, a fin de determinar los balances de masa, energia y eficiencia térmica. La caracterizaciéon
del carbén se realizé bajo las normas ASTM, las cenizas se analizaron mediante XRD, XRF y TGA, y las emisiones
se determinaron utilizando un analizador de gases. El modelo termodindmico empleado para el disefio del reactor
3D se baso en el andlisis de la combustion del carbén.

Resultados: El proceso tuvo una duracién de 3166 minutos, con un consumo de 2150 kg de carbén. Los gases
de combustién presentaron una composicién variable de CO2, CO, Oz e hidrocarburos. La temperatura en
la parrilla alcanzé los 900 °C, y se registraron 1000 °C en la ctipula y 600 °C en la base de la chimenea. La
diferencia de temperatura entre la ctipula y la base de la chimenea explica el calor transferido para la cocciéon de la
cerdmica. El poder calorifico del char fue 19.52 % superior al del carbén utilizado. La composicién de las cenizas
mostré la presencia de 6xido de silicio, mullita y goethita. El modelo 3D consiste en una parrilla con conductos
precalentadores para el aire secundario destinado a la poscombustién de los volatiles.

Conclusiones: El resultado de esta investigacion fue el modelo 3D de una parrilla de lecho fijo para la combustién
de carbén y la poscombustién de volatiles. Con su implementacion, se espera mejorar la calidad del aire y reducir

los efectos del proceso sobre la salud humana, asi como sus costos operativos.

Palabras clave: aire secundario, coccién de cerdmicos, combustiéon de carbén, hornos colmena, parrilla de lecho

fijo, poscombustién
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1. Introduction

In 2016, China contributed significantly to global brick production, accounting for 54of the total
output, followed by India (11 %), Pakistan (8 %), Bangladesh (4 %), and the rest of the world (23 %) (1).
For the 2020-2025 period, the compound annual growth rate was expected to exceed 3 % (2). In 2015,
Colombia reported a production of more than 10 Mt of fired clay, with an annual energy consumption
ranging from 5 to 7 Tcal. This energy supply was obtained mainly from coal (62-71 %), wood (20-25 %),
coal-biomass mixtures (7 %), and gas (0.00172-3 %). The production process is carried out at diverse

scales, in artisanal, semi-merchandized artisanal, small, medium, and large-scale enterprises (3).

The most commonly used artisanal kilns in Colombia and other Latin American countries are of
the beehive and trench types (4), where coal combustion takes place in fireboxes (3) equipped with a
fixed-bed grate. These systems emit greenhouse gases and other pollutants (CO2, CO, SO,, CXHY, NOX,
PMj; 5, and PMjg). Such contaminants pose health risks to the local population and the surrounding
environment, and their environmental impacts have led to the implementation of increasingly stringent

regulations aimed at reducing the deterioration of ecosystems (5-8).

Coal combustion in a fixed bed at atmospheric pressure is carried out without control over the
amount of air supplied, an issue that is further complicated by the lack of homogeneity in the fuel
particle size. Another peculiarity is that the heating of the load occurs at a low rate, promoting the
release of uncombusted volatiles, leading to their direct emission into the environment in the form of
soot (9).

To improve the productivity of the brickmaking sector, various technologies have been proposed,
which are aimed at improving the energy efficiency of the aforementioned kilns, decreasing coal
consumption, and reducing pollutant emission levels (10). These improvements can be achieved through
the implementation of technological upgrades, such as the mechanization and automation of the
process. In this vein, our research focused on the development of the 3D model of a solid carbonaceous
material combustion system with volatiles post-combustion (SCMCS-VPC), designed for artisanal kilns

with fixed-bed grates used for ceramic firing.

2. Material and methods

This research consisted of an experimental study for the development of the SCMCS-VPC, with
the purpose of minimizing the emission of volatiles generated during the ceramic firing process (10) in
inverted-flame beehive-type kilns (11) equipped with a fixed-bed grate which utilize coal combustion
(Fig. 1). The fieldwork was conducted at the Maguncia brick industry, located in the jurisdiction of
Sotaquird, and at ceramic handicraft factories in the municipality of Radquira, both in the department of

Boyaca. The project was executed in three phases.
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Figure 1. Sampling points for charge and temperature monitoring in an inverted-flame beehive kiln. 1:

Burners 1 and 2; 2: dome thermocouple; 3: coal feed pile; 4: chimney-based thermocouple

2.1. Phase I: field data collection

This phase involved characterizing the coal through the ASTM’s standard procedures; the analysis
of solid combustion products using DRX, FRX, and TGA techniques; and the monitoring of the
combustion process via temperature recording with type-K thermocouples and a data logger, which
was complemented by photography and video documentation. The fuel supply was weighed on a
digital scale with a precision of 0.1 kg, and the composition of the gaseous emissions was determined
using an E Instruments E8500 Plus analyzer. Based on this information, the operating parameters were

established in order to calculate the mass and energy balance.

2.2. Phase II: mass balance, energy balance, and thermal efficiency calculations

The combustion process for ceramic firing in an inverted flame beehive kiln is analytically described

in Eq. (1), which represents the mass and energy balances.
CTSm + air + Elgn = EGen + Gchm + anacm + Cinq (1)

where:
» Crgsm, = total coal supplied to the firing process

= Fr4n = ignition energy

Egen = thermal energy generated by combustion

Gchm = chimney gases

» Cnzgem = ashes accumulated during firing

| Ingenieria | Vol. 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | €22204 | 4 0f 19
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= Cjnq = unburned coal
Crsm corresponds to the sum of the partial loads fed into each burner. The total burned coal (Crgr,)
is calculated using Eq. (2).

C'Tqm = CTSm — Hyum — C’nzacrn - VCxHy - Cinq (2)

where:
» Hpyyum = moisture in the total coal supplied
= Vigny = volatile compounds

The composition of G¢prm, which was determined by means of the combustion analyzer, is expressed

in Eq. (3).
Genm = CO2 + Vogay + CO 4+ O + Ny 3)
The accumulated ashes (Cnz4cm), defined in Eq. (4), consist of the ashes from the total burned coal

(Cnzergm) and Ciyg.
Cnzaem = Cnzergm + Cing 4)

The percentage of unburned coal in the ashes ( %C}y) is calculated via Eq. (5).

Cinq

Cnzgem

ICing =

x 100 )

The energy balance is calculated using Egs. (6) to (9).

Er = Erent — Ersia (6)

Etrent = Ecyg,, + Ergn 7)

Ersia = Ecr,,, + Eci,, 8)

BEr = (Ecrs,, + Ergn) = (Ecryn + Ecin,) )

where:

= Ep = total energy

= L7y, = total energy input

= Erout = total energy output

s Fc,g,, = total energy from the supplied coal
= Erg, = ignition energy

» Ec.,,. = energy from the total burned coal

= Eg,.. = energy from the total unburned coal

ing
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Energy is determined as a function of heat ()) and mass, as shown in Eq. (10).
Q = mor,, ¥ VO (10)
where:
" Mcy,,, = total mass of burned coal
= VC = calorific value

The thermal efficiency (n) of the combustion process for ceramic firing in the beehive kiln

corresponds to the ratio between E¢,. . and Ec,.,, - This is calculated by means of Eq. (11).

_ ECTqm o QCan1
ECTSm QCTSm,

(11

where:
* Qcr,, = heat from total coal burned
» Qcys,, = heat from total coal supplied

The heat from the total burned coal (Qc¢,,,) is obtained from Eq. (10), while the heat supplied
(Qoys,,) is calculated via Eq. (12).
Q =meyg,, *xVC (12)

where:

= Mmc,.,, = Mass of the total coal supply

2.3. Phase III: thermodynamic and 3D modeling

Thermodynamic modeling was performed based on the analysis of the burned coal (12) from
burners equipped with a fixed-bed grate, where the air enters through the lower section of the kiln
and passes through the fuel (Fig. 2). This process operates with the kiln door open, and air is regulated
empirically by adjusting the chimney draft. Consequently, it is not possible to control combustion under
stoichiometric parameters. Hence, black smoke emissions are generated from chimneys, indicating an
incomplete combustion and energy losses due to unburned volatile hydrocarbons (9, 13), which may
lead to severe pollution issues. For the reactor design (Fig. 3), we employed the French method for

product designed (14).

The baseline was set as follows: air temperature: 25 °C; average autoignition temperature of the

low-rank coal: 250 °C (15); ignition temperature of the volatiles: 400 °C.

2.3.1. 3D modeling

Based on the thermodynamic modeling and the fuel consumption curves, we calculated the
stoichiometry of the combustion of 5 kg of coal with 30 % excess air (16). From the results obtained, the
grate area, the air flow, and the dimensions and distribution of the ducts were determined, along with
the required primary and secondary air supplies. Finally, the 3D model was created, using SolidWorks

to design the components, assemble the complete system, and generate manufacturing drawings.
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Combustion and
Vol_atile Gases

COMBUSTION
CHAMBER

i

COAL

:

5 (G G 5 5
OO0

Air by Natural Draft

FIXED BED
GRATE

CHAMBER
OF ASHES

i

Ashes and Unburned

Figure 2. Schematic representation of the coal combustion process in a fixed-bed grate burner

3. Results

3.1. Technical and technological description of the firing process

The firing of the ceramic load in the beehive kiln was achieved through the heat generated during
the combustion of coal in fireboxes equipped with a fixed-bed grate. The total coal supply, as a function

of time, is shown in Fig. 4.

The total duration of the firing process was 52.76 h (3166 min), with a coal consumption of 2.15 t,
supplied in 23 kg batches, with incremental increases averaging 1 kg at 35 min intervals. This procedure
was maintained until the maximum gas temperatures were reached: 1050 °C in the dome, and 637 °C at
the base of the chimney. It can be inferred that the heat difference between these two points corresponds
to the energy consumed during the ceramic firing process, as well as to heat and convection losses
through the kiln walls.

3.2. Characterizing the coal and solid combustion products

Sampling of the coal and solid combustion products (ashes and unburned material) was conducted
in two fireboxes. The results of this characterization are presented in Table I.
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Figure 3. Flow diagram of the French method for product design
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Figure 4. Coal consumption during the firing process
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Table I. Characterization of coal and solid combustion products

cv
SAMPLE % HQO %Cz %MV %CF %S IHL %C’mq
(Kcal/Kg)
COAL 2.57 705 4325 4714 096  5850.00 1.00 -
PSC H1 0.49 9190 236 525 015 7226.00 0.00 8.90

PSC H2 0.36 9148 212 6.04 013 7312,00 0.00 1020

Note: sample HyO: moisture — ASTM D3173; Cz: ashes — ASTM D3174; MV: volatile matter - ASTM
D3175; CF: fixed carbon — ASTM D3172; S: sulfur — ASTM D4239; CV calorific value — ASTM D2015;
IHL: free swelling index — ASTM D750; C};,4 unburned coal; PSC: solid combustion products; H1:
firebox 1; H2: firebox 2

This table shows that the differences between the percentages of moisture, ashes, volatile matter, and
fixed carbon in the solid combustion byproducts are less than 1 %. From these data, it can be deduced
that the combustion efficiency of the analyzed fireboxes is similar. Furthermore, the average calorific
value of the unburned material increased by 19.52% compared to the original coal. This behavior
explains the formation of char (17). Lastly, 14.59 % of the sulfur contained in the coal was retained in the
solid combustion products; we inferred that the remaining percentage was released through gaseous

emissions.

3.3. Characterization of the solid combustion products

The elemental composition (expressed in the form of percentages) was determined via X-ray
fluorescence (XRF) analysis (Fig. 5), and the phase distribution was obtained through X-ray diffraction
(XRD) (Fig. 6). We found 52.8 % Si, 25.4 % Al, and 6.08 % Fe as major elements, as well as Na, Mg, P,
Cl K, Ca, Ti, Sr, and Pd in lower proportions. The phases identified via XRD were 41.0 % silicon oxide,
42.2 % mullite, and 15.7 % goethite.

The thermal behavior was determined through a differential scanning calorimetry
thermogravimetric analysis (DSC-TGA). The thermogram in Fig. 7 presents the mass loss curves
as a function of temperature and the energy variation resulting from the phase and compositional

changes in the solid combustion residues.

3.4. Thermal profile of the beehive kiln

The temperature monitoring data, obtained as a function of time, are presented in Fig. 8. These
correspond to measurements taken at the dome (CUP), chimney base (CHM), and fireboxes 1 (HNL1)
and 2 (HNL?2).
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Figure 6. XRD diffractogram

3.5. Evolution of emissions and gas
We documented the emissions via photographs for one loading cycle over an average period of 45

min, in order to determine the characteristics of the chimney emissions. This is shown in Fig. 9.

The results of the gas analysis for six loading cycles—at 45min intervals—are represented by dotted
boxes, which enclose the maximum hydrocarbon emission peaks (Fig. 10) associated with the loading

periods. In Fig. 11, the dotted lines emphasize the ascending regions of the CO and CO; curves, which
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Figure 9. Photographic sequence of chimney emissions for a single loading cycle
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contrast with the descending trajectories of O,. At the end of the process, the reduction in the coal fed

to the kiln correlates with the overall emissions reduction.
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Figure 11. Plot of CO4, CO, CXHY, and O3 emissions

3.6. Thermodynamic modeling

As a result of the analysis and monitoring of the coal combustion process (12) on a fixed-bed grate
(Fig. 2), a thermodynamic model was obtained for the SCMCS-PCV system (Fig. 12). This system consists
of a fixed grate equipped with ducts for convective air pre-heating (18), utilizing the heat generated from
the exothermic chemical reactions. This mechanism not only recovers heat; it also cools the grate tubes,

thereby improving their service life.
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Figure 12. Flowchart of the SCMCS-VPC’s thermodynamic model
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The thermodynamic model operates as follows. Controlled air is supplied (1) at ambient
temperature, which then reaches the air distribution chamber (2), continuing through two conduction
sets (3) and the preheating ducts (4) to fill the pre-heated air distribution chamber (5). From this chamber,
the air passes through the perforated tubular bars of the fixed-bed grate (6), where part of the flow acts
as primary air for coal combustion, while the remaining portion continues towards the pre-heated air
collector (7) and is distributed via the injectors as secondary air for volatiles post-combustion (8). The 3D
model of the SCMCS-VPC (Fig. 13), derived from thermodynamic modeling, contains a variable-speed
fan that delivers the air in a controlled manner. This air is pre-heated in the corresponding chambers
by thermo-regulated electric heaters and then supplied to the fixed-bed grate, which consists of the air
distribution chamber, the combustion tubes with primary air, and the collector duct. From the collector,
the air continues to the secondary air injectors, where it is blown across the fuel load, transversely to
the secondary combustion gas stream, to induce the post-combustion of volatiles. The supply of solid

carbonaceous material to the grate is managed from a hopper equipped with a dosing system.

Figure 13. 3D design of the SCMCS-VPC and its components: 1) supply chamber, 2) duct, 3) assisted
pre-heating chamber, 4) distribution chamber, 5) grate, 6) collector duct, 7) access ports, 8) secondary air

injectors

4. Discussion

Based on the characterization results (Table I), and according to ASTM D388, the coal used can be
classified as a low-rank, non-caking sub-bituminous type-A coal (19). This type of coal is also used in

the brick industry of several Asian countries (8).

Factors such as the coal composition, the high volatile matter content (43.25 %), the coal particle

size (+2 in), open-door combustion, the combustion temperature, air supply deficiency, and the lack
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of operational control affected process efficiency and performance (20, 21), resulting in incomplete
combustion and the emission of gases, smoke, and particulate matter (soot) through the chimney (Fig.
9), in addition to solid combustion residues (ashes and unburned carbon), which represent energy
losses (4,22).

Fig. 11 shows alternating cycles of maximum and minimum emissions with a decreasing trend
as a function of process time. In the gas analysis, CO,, the main product of combustion, exhibited
concentrations between 10 and 16 %. In addition, CO reached 1 %, the C xHy levels were less than 3 %,
and no significant emissions of nitrogen oxides (NOy) were detected, since high temperatures were not
reached (17,23).

According to the literature, at temperatures below 600 °C, alkenes (ethylene, propylene, butene) and
aromatics (benzene, toluene, and naphthalene), can be formed, among others (23). These byproducts

represent a significant risk to human health and the environment (24, 25).

According to Table I, the char (unburned material), the solid carbonaceous residue that remains
after the release of volatile matter, formed due to oxygen deficiency, contains 52.44 % of fixed carbon
and exhibits a higher calorific value (7269 kcal/kg), compared to the original coal (5850 kcal/kg),
representing an increase of 19.52%. This high energy value is explained by the fact that char is a
carbon-rich matrix (1). Additionally, the mean char content in the ashes is higher than that reported
for the boiler combustion process (up to 45 %) (27), which is consistent with a fixed-bed combustion

configuration.

The results of the TGA (Fig. 7) show a mass loss equivalent to 0.08705 mg (0.3979 %) within a
temperature range of 25-600 °C. Water vaporization was recorded between 25 and 100 °C (28). Based on
the proximate analysis of the coal and the XRF results of the ashes (Fig. 5), the presence of S, Na, and
Cl was inferred. These elements may be associated with the dehydration (100-200 °C) of sulfates and
bicarbonates (NaHCO3.5H50) (28). The mass losses between 200 and 400 °C indicate an exothermic
behavior due to the combustion of the residual unburned carbon (29). Finally, the mass losses recorded
between 400 and 900 °C suggest the fusion of chlorides and the decomposition of carbonates and
sulfurates, corresponding to endothermic processes (29). In terms of energy analysis, the behavior
between 200 and 400 °C may be due to oxygen absorption into the fuel’s porous texture. Furthermore,

the rapid mass loss beyond 400 °C indicates the onset of ignition and active combustion (29).

In the thermal profile (Fig. 8), the temperature curves for HNL1 and HNL2 exhibit significant
fluctuations, which are explained by the fact that the process involves open-door firebox combustion
and is influenced by variable environmental conditions such as relative humidity, ambient temperature,
and an irregular air inflow. The temperature profile in the dome (CUP) registers fewer variations, as
this is the part of the kiln where heat generated in the fireboxes accumulates for distribution through
the ceramic load. The chimney base (CHM) temperature curve reflects an average cooling of 380 °C

compared to the maximum temperatures reached in the dome, which are associated with convective
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and radiative heat transfer from the flue gases to the ceramic mass during firing. During the first 25 h
(1500 min), the gas temperature at the CHM does not exceed 100 °C. After 29 h (1740 min), however,
it decreases by approximately 30°C, which can be attributed to the thermal saturation of the firing

material.

According to current and emerging trends, the objective is to reduce fuel consumption by up to
30 %, optimize firing times, and minimize pollutant emissions (30), (?). The design of the SCMCS-VPC
(Fig. 13) aims to enhance process efficiency and improve the quality of ceramic products (30,31). The
system integrates a coal feeding device and variable-speed blower as key components for animation

and process control, along with preheated secondary air injectors to promote volatiles post-combustion.

At the industrial level and in mass production scales, coal combustion systems employing
fixed-beds, moving grates, and upward-moving fixed-grates are utilized, wherein the combustion air
is preheated to achieve a high-temperature operation. This approach involves the burning of solid fuel
with particle sizes between 6 and 50 mm along with the released volatiles (?, 16). These design and
operation principles were considered as references in the development of the SCMCS-VPC, aiming for

improved energy efficiency and reduced environmental impacts.

5. Conclusions

This article presented the design of a 3D model for a solid carbonaceous material combustion
system with volatiles post-combustion (SCMCS-PCV) as a technological conversion alternative for

beehive kilns equipped with fixed-bed grates.

The monitoring of the ceramic product firing process, conducted at the Maguncia brick industry
and the artisan factories in the municipality of Raquira (Boyacd, Colombia), made it possible to identify
the factors affecting the energy efficiency of the sub-bituminous coal used (volatile matter emissions

and unburned material), as well as its environmental performance.

The 3D model, derived from the geometric and thermal design, improves the conventional fixed-bed
grate combustion process by incorporating a primary air pre- heating system to increase the combustion
temperature, as well as a secondary air injection system for volatiles post-combustion. Additionally, the
system includes an ash evacuation control mechanism to minimize unburned carbon generation. Thus,
the proposed model achieves an increase in energy efficiency and a reduction in the environmental

impacts associated with coal combustion.
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