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Abstract: Porcelain tile manufacturing is an energy-intensive industry that is in dire need of increasing
productivity, minimizing costs, and reducing CO: emissions, while keeping the product quality intact to
remain competitive in today’s environment. In this contribution, alternative processing parameters for the
porcelain tile production sequence were proposed based on simulation-based process optimization. Flowsheet
simulations in the Dyssol framework were used to study the impact of milling and firing process parameters
on the electrical and thermal energy consumption, final product quality, and productivity of the entire
processing sequence. For this, a new model of gas flow consumption in the sintering stage was proposed and
implemented. During optimization, the primary condition was to maintain the product quality by keeping the
final open porosity of the tile within the specified industrial range. The proposed simulation methodology
proved to be effective in predicting the influence of processing parameters on the intermediate and final
products of the manufacturing sequence, as well as in estimating production costs for the Brazilian and Spanish
economic conditions. This approach has shown great potential to promote digitalization and establish digital
twins in ceramic tile manufacturing for further in-line process control.

Keywords: Porcelain tile; Flowsheet simulation; Optimization; Processing; Milling; Firing

1. Introduction

The global porcelain tiles market is rising rapidly. It is projected to grow from $54.41 billion in
2021 to $77.82 billion in 2028 at a compound annual growth rate of 5.2% [1]. In 2017, global ceramic
tile production was about 13500 million m? [2]. Brazil is currently the third largest producer and
consumer and is alone responsible for an increase in production of 4.2k% from 4 million m?2in 2001
to 168 million m2in 2020 [3]. In Europe, Spain is currently (2002) the leading manufacturer, increasing
tile production by 20.3% (to 567 million m?) when compared to 2021.

The main manufacturing process used for porcelain tile production is the wet route shown in
Figure 1. It consists of six principal unit operations: wet milling, spray drying, storage, uniaxial
pressing, drying, and sintering.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Flowsheet of manufacturing wet route of porcelain tile manufacturing.

The entire process consumes a large amount of thermal energy from natural gas combustion.
Natural gas accounts for 92% of the sector’s total energy demand, and the remaining 8% corresponds
to electric energy consumption [4]. The slurry’s spray drying, represent 36% of the thermal
consumption. The drying of the recently formed tile bodies (known as green tiles) accounts for 9%,
and the tile firing is responsible for 55% of energy demand, the largest within the manufacturing
process. Moreover, all stages of the manufacturing process use electrical energy [4]. Milling is the
step of the processing sequence that presents the highest electrical energy consumption, being
responsible for nearly 22%. [5].

During milling, the raw materials are mixed with water for grinding and homogenization. The
process usually occurs in a ball mill, either continuous or intermittent. Inadequate milling can
increase water absorption of fired tiles and lead to staining problems in products that undergo
polishing. In contrast, excessive grinding can compromise the shaping stage, resulting in parts with
decreased apparent density and dry mechanical strength, as well as increased linear shrinkage of the
tiles after firing [6,7].

Firing occurs mainly in roller kilns, particularly in the high-temperature or firing zone, where
the green products are subjected to heat from fuel combustion. The process is continuous, so the
porcelain tiles enter the kiln and are slowly transported through it. The temperature in the furnace
steadily increases towards the center, where it reaches its maximum (firing). The tile’s period at the
maximum set temperature is called firing time [2,8,9]. Then, the temperature is gradually reduced, so
the products leave the kiln close to room temperature [10]. The preheating and cooling times are
defined to safely change the tiles’ temperature to avoid defects caused by thermal shock. The firing
time depends on the raw materials’ composition, particle size, and the density of the green tile after
pressing. The total time of the firing cycle (cold-to-cold) comprises the preheating, firing, and cooling
times.

The productivity of a ceramic tile plant is inversely proportional to the total firing cycle time [6].
The firing stage is responsible for the most significant thermal energy consumption and is often
assumed as the main production bottleneck [4][11-13]. Heat recovery installations are applied to
industrial plants to minimize the firing influence. Usually, the hot air exhausted from the cooling
zone of the kiln is used to warm up the air for the drying stage. Due to corrosion issues, standard
heat exchangers are used for transferring the heat from the flue gas of the cooling zone to the clean
hot air, which will then be sent to the dryer and spray dryer, reducing natural gas consumption [11-
13].

Additionally, special attention is paid to the environmental aspects of ceramic tile
manufacturing in Europe due to the new 2030 climate and energy target by the European
Commission and the goal of an 80-95% reduction in CO2 emissions by 2050 [14,15]. Reducing
pollutant gas emissions implies diminishing fuel consumption. This is a highly complex optimization
challenge since the factors that improve one step can often harm another stage. Therefore, it is not
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trivial to achieve environmentally friendly tile manufacturing while minimizing costs, increasing
productivity, and maintaining industry competitiveness.

Increasing the level of automation can assist in controlling the manufacturing processes,
permitting the increase in production volume, guaranteeing high-quality indicators, finding or
eliminating bottlenecks, and minimizing production costs [16]. In recent decades, numerical
simulations have become a valuable tool for optimizing and designing industrial equipment and
evaluating operation parameters. Flowsheet calculations can be effectively applied for numerical
investigations of complex plants, where different production steps are connected by material and
energy streams [17-19].

Alves et al. [20] developed an integrated flowsheet process model for producing porcelain tiles
and applied it to simulate the entire plant. The obtained flowsheet simulation framework, created
using the Dyssol software [21,22], proved effective for investigating the complete processing
sequence and considering the interdependencies between individual unit operations in the entire
process chain for analyzing the influence of the main process parameters.

Later, the developed model was extended to consider both thermal and electrical energy
consumption and coupled with MATLAB to offer the possibility of creating a digital twin of the
processing sequence and optimizing it [23]. However, additional costs that influence the industry’s
productivity, such as fixed costs, raw materials, maintenance, and amortization, were not considered.
In this work, the proposed methodology was further extended to increase the productivity of the
porcelain tiles manufacturing process while maintaining product quality and minimizing production
costs. Industrial data were used to improve the accuracy of the applied model of the roller kiln,
recalling that it is the main bottleneck of the manufacturing chain, compromising its productivity.
Herein, we created a database based on flowsheet simulations to determine how productivity,
manufacturing costs, and manufacturing sustainability can be improved by analyzing the firing
process and the milling stage.

2. Materials and Methods

A flowsheet model for each unit was developed based on Alves et al. [20][23]. Nasetti et al.
experimentally determined correlations between electrical energy consumption and processing
parameters for each unit of the tile manufacturing sequence, and these relationships were used to
implement the models of electrical energy consumption [24]. The thermal energy consumption for
spray drying, drying, and firing units was modeled based on enthalpy and mass balances. The
thresholds of thermal energy consumption from Nasetti et al. [24] were used to verify the obtained
simulated values.

Wet milling involves mixing raw materials with water and grinding them in a ball mill for a set
time to achieve the desired particle size and homogenization of the slurry components. The flowsheet
model to describe the process was based on correlations proposed by Tsakalakis et al. [25] and Morell
et al. [26].

During spray drying, the slurry from the wet milling is atomized, forming droplets consisting
of liquid and primary particles, after which their moisture content is significantly reduced, reaching
approximately 7 wt.%. For simplification, the spray drying unit was divided into an atomizer, where
the droplets are formed, and a drying chamber. The atomizer was based on the model proposed by
Walzel et al. [27]. The model proposed by Ali et al. [28] was adopted for drying the granules in a
counter-current flow, which is the most widespread setup in spray drying for the ceramic tile
industry.

After drying, the obtained granules are stored for moisture homogenization in a silo for
approximately 24 h. It was assumed that moisture correlates with the size of the granules: bigger
granules retain more water than smaller ones. Therefore, a liquid mass transfer model was developed
based on the industrial data relating the moisture content in each granule and the average moisture
content after spray drying [20].

The homogenized granules, after storage, are shaped into green tiles. A semi-empirical
relationship proposed by Bal’shin et al. [32] was used to describe the uniaxial pressing, in which the
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porosity and, consequently, the density of the green tile depends on the density of the spray-dried
powder, the applied pressure, and several semi-empirical parameters. Based on previous studies
[5,33], the model was extended with the dependence of porosity on the average diameter dso of
primary round particles [24]. Generally, the green tile porosity is 30% with a dry bulk density
(opressing) of 1.9 g/cm? [5,34].

During the subsequent drying, the moisture content of green tiles is further reduced from 6-8
wt% to less than 1 wt% by circulating hot gases in convective dryers. It was assumed that the change
in the moisture distribution within a plate over time is controlled by diffusion, as stated by Fick’s
law. The derived analytical solution by Henderson et al. [29,30] was used for the flowsheet model of
this unit.

The final densification of tiles occurs in the roller kiln. The sintering stage of the firing process
was assumed to be isothermal, and the porosity was modeled according to the approach developed
by Gémez et al. [31]. The final total porosity of the tiles was fixed at nearly 5%, and the bulk density
(Priring) Was 2.35 g/cm3[6,32,33]. At this level, the water absorption is assumed to be less than 0.5%,
and the product rises to the standard level to be considered a porcelain tile.

All models were validated by experimental and industrial data. Alves et al. [20] laid the
foundation for the models, materials database, and process parameters used to implement the energy
consumption of each unit. Thermal and electrical energy consumption were considered separately
for each unit, and the thermal consumption was based on energy and mass balances for every stream
of the units. A more detailed description can be found in [23].

Despite previous models shown good accuracy, the volume gas flow required to keep a
minimum firing temperature and the influence of the tiles load were not considered. These
parameters are directly linked to productivity. Therefore, the gas consumption model for the kiln
furnace was modified to include the productivity of the processing sequence and the effect of the
load on the firing fuel consumption. The model was modified based on industrial data collected by
SACM], a supplier of ceramic tile equipment [37]. The new model additionally considers the fuel
required to maintain the high temperature of the empty furnace, the heat generated from the fumes,
and the endothermic reactions that take place during the firing of porcelain tiles. The main reactions
are clay dehydroxylation and a — 3 quartz transformation, which require additional energy [34]. In
the new model, the hot gas consumption by the kiln is given as follows:

U sir = Vu' + XeypCpelT = T 304+ (AH 4 Cp(T = T*™) 725, (1)

Here, Uy s, is the volume flow of the hot gas required for firing in Nm3/h; vf; is the flow of gas
needed to keep the empty furnace at a high temperature in Nm?h; T is the firing temperature in °C;
TRF is the reference temperature — the minimum at which firing takes place in °C; X/, is a mass ratio
of combustion fumes and dilution air to the amount of the tiles in kcal/kg-°C; Cpy is the average
specific heat capacity at a constant pressure of combustion fumes in kcal/kg-°C; AH is the energy
consumption due to endothermic reactions in kcal/kg , Cp is the average specific heat capacity at a
constant pressure of the tiles in kcal/kg-°C; T*™ is the ambient temperature assumed to be 25 °C;
m,, is the mass flow of tiles in kg/s; and LHV is lower heating value of natural gasin kcal/Nm?. The
specific weight of the tile y is used to convert the mass flow rate to the number of square meters of
tiles produced. These variables” values were based on the established values of SACMI that are
applied to the industry [35,36], presented in Table 1.

Table 1 Reference values for variables of the kiln furnace gas flow model [35,36].

Variable Value Units
Reference temperature TRF 1190 °C
Specific weight of the tile 14 20 kg/m?
Mass ratio of combustion fumes and ~ X¢/p 2.15 -

dilution air to the amount of tiles
Specific heat capacity of combustion ~ Cp 0.25 kcal/kg-°C
fumes
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5
Specific heat capacity of the tiles Cp 0.22 kcal/kg-°C
Lower heating value of natural gas ~ LHV 8500 kcal/Nm?
Endothermic reactions energy AH 50 kcal/kg
Required gas flow for empty kiln vir 218.52 Nms3/h
Kiln length L 150 m
Kiln width w 2.5 m
The total productivity of the processing sequence Pr is defined as [37]
2
Pr = Lwngnlr (2)
b

where L and w are the kiln length and width in m, respectively, with the values given in Table
1. ng4 is the geometry efficiency, 71, is the shrinkage efficiency and t; is the firing time in s. The
geometry efficiency 7, is the ratio of the area occupied by the tiles to the total area of the furnace. It
is assumed to be 0.98, considering 1 cm of spacing between longitudinal rows and 2 mm spacing
between transverse rows [38]. ;- is based on the linear shrinkage (Ir) during firing, as seen in
Equation (3). It is calculated based on the density of the tile after firing (pfiring) and the density of the
green tile (Ppressing), as shown in [39,40].

My = (1 —1r)? (3)
1
Ir=1— ((1 - FL)ppressing>3 (4)
pfiring

Here FL is the fire loss, which depends on the raw material composition and usually ranges from
2.5 wt% to 4.5 wt%. In all simulations, FL. was assumed to be 3.5 wt%, considering it depends mainly
on the composition of raw materials that were kept constant. The total firing cycle time cold-to-cold
tr (the sum of pre-heating, firing, and cooling time) depends on the firing or holding time ¢, at the
sintering temperature T. Typically, t; can be assumed as

ty = 6t (5)

The milling, total firing cycle time, and, consequently, the firing time, and the firing temperature,
were identified as the most critical parameters that directly affect the productivity and cost of the
process, in addition to product quality. The flowsheet simulation was used to establish their
quantitative values. Therefore, the three indicated parameters were schematically studied, varying
their values within the limits given in Table 2. These intervals have been chosen according to actual
industrial data. A total of 64,000 simulations were carried out. The milling time, firing time, and
temperature were generated using equidistant sampling, and the values were linearly generated for
40 points. Each simulation lasted about 10 s, so the total CPU time of the calculations was about 178
hours.

Table 2 Minimum and maximum values for milling time, firing time, and temperature for the

investigations
Minimum value Maximum value Unit
Milling time 4 13 h
Firing temperature 1150 1250 <
Total firing cycle time 24 60 min

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

After sintering, the final open porosity of the tiles was used as the product quality. As standard,
the final total porosity of porcelain tiles should remain between 4.8 to 5.1% [32,39,41]. The results of
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89901 simulations showed porosity outside this range, so only the remaining 1099 were used for
further analysis.

The costs assessment includes thermal and electrical energy, fixed costs, and taxes on CO:
emissions. The utilized fuel was natural gas with a lower heating value (LHV) of 8500 kcal/Nm? or
9.88 kWh/Nm? and estimated CO2 emissions estimated of 56100 kg CO:z per TJ or approximately 0.2
kg CO:2 per kWh leading to the emission of 1.976 kg CO: per Nm? of natural gas [36,42]. The current
price and tax data for Brazil and Spain (Table 3), which are among the top five global producers were
used [2,43] to calculate the cost indicators.

Table 3 Unit costs for raw materials, electrical energy, fuel, and CO: emissions taxes for Brazil and

Spain
Brazil Spain Units
Raw material (Cyq,) 28.5 28.5 USD/ton
Glazing (Cyiaz) 475 475 USD/ton
Electrical energy (Cq) 0.0665 0.0497 USD/kWh
Spray drying cost (Csgry) 0.076 0.0606 USDlkg O_f dried
material
Fuel (Cryer) 0.7733 1.5609 USD/Nm?
Taxes on CO: emissions 16.58 USD/ton CO>

(Ccoz) -

The total electrical energy consumption (Eel,total) in kWh/ton is given by the sum of the electrical
energy consumption of each unit in the processing sequence (Equation (6)). Equations (6) to (11)
describe the interplay between the mass load and the electrical energy consumption milling, pressing,
spray drying, drying, and firing, respectively. The correlations were proposed by the collected data
from Nassetti et al. [24] Specifically for milling, there is the additional consideration of the milling
time (t,in)-

The sum of fuel consumption is determined by the sum of fuel required for spray drying, drying,
and sintering (Equation (6)). For the Brazilian scenario, the adopted fuel for spray drying is biomass
or coal instead of natural gas. In Europe, natural gas was maintained to fit accurate industry practices.
The use of a cogeneration plant coupled with the spray-dried process was neglected. Accordingly,
the value for the spray drying seen in Table 3 was kept constant, and it was not considered for
determining the fuel amount sum presented in Equation (12).

Eertotar = Eermin + Eel,spdry + Eel,press + Eel,dry + Eel,fir (6)
Eopmin = 7-6Mytmin (7)

Eeipress = 201, @®)

Eel,spdry = 8m, 9

Eel_dry = 12m, (10)

Eel,fir = szp (11)

Vrtotat = Vrary t Vs fir (12)

There is currently no CO2tax for the Brazilian industry, so this value was not considered in the
cost calculation, differing from the industry conditions in Europe, where CO: emissions taxes
currently exist [44-46]. The costs of raw material and glazing in Spain were assumed to be the same
as in Brazil, given that these values do not vary because of the different processing parameters and
consequently do not influence the variation in the total production cost. It is assumed that the glazing
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mass is 10% of the total mass of the tiles [35,36]. The entire energy spent was converted based on the
fuel price and calorific value. The Brazilian cost of production (Cp.grazi;) and Spanish cost (Cpy spain)
can be seen in Eqs.(13) and (14), respectively. For both Brazil and Spain, extra charge for staffing,
miscellaneous inputs, maintenance, and insurance are estimated to be 1/3 of the total production cost
[37,38] (Cextra = 1/3Cy,). Additionally, packing is assumed to be 1/4 of the whole production cost
(Cpacking = 1/4Cy,). Hence, the total costs for Brazil and Spain are given by

1.1 EtnsaryCsa
Cpr,Brazil = (1 + g + Z) [VPT (CTIIW + Cglazo-l + CelEel,total + %
Etn,aryCruel . (13)
v ) T VrrirCruel
1
Cpr,Spain = (1 + §
L (Etnsary + Etnary)Cruel
+ Z) [)/Pr (Craw t Cg1az0-1 + CorEeprorar + — LHV — (14)

+ Vs rir Cruer | + 1.976Cco2Vf total

The costs were evaluated based on the total cost per meter squared of produced porcelain tile
(USD/m?), and the sustainability of the process sequence is evaluated based on the total CO: emission.
The following exchange rates were used to calculate prices in US dollars: 0.19 USD/R$ and 0.98
USD/E.

3. Results and Discusion

3.1. Simulation results

The dependence of the roller kiln productivity on the gas flow consumption obtained by the
developed model was compared with industrial data and showed very good agreement (Figure 2).
Variations can be justified by assumed constant simulation values such as endothermic reaction
energy, the ratio of exhausting gases to the mass of the tiles, and averaged values of specific heat
capacity for both fumes and tiles.

360 T r T T T T —
B [ndustrial data po 4
i ® Simulation .
< .
= .
Z 320 =
o el
® -
: .
= 280 -
b - - ||
© Ve
o ] L
B4
240

I - I H I ' I
1000 2000 3000 4000
Producitivity rate [kg/h]

Figure 2. Simulated values of gas consumption in roller kiln for firing compared to industrial data for
different productivity.

All found combinations of milling time, firing temperature, and the total firing cycle time
required to reach the final total porosity in the range of 4.8 to 5.1% can be seen Figure 3.
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Figure 3. Correlation between firing temperature, time, and milling time to reach the final total
porosity between 4.8 and 5.1%.

From the data, a surface equation with the firing time, firing temperature and milling time can

be derived (s. Eq.(15)) with and R? agreement of 99.75%.
triring = 36:59 = 1.09 toniiing — 2.23 - 10 *Triping + 1.79 - 10 *tyiing? + 5 15)
) 10_4tmillinngiring

To reach the same range of product quality, lower firing temperatures and firing times can be
applied if longer milling times are adopted. Consequently, longer milling times can be beneficial for
the reduction of fuel consumption. The same conclusion has been drawn by Darolt et al. [6] and
Beltran et al. [41]. The size of reactant particles governs the kinetics of sintering [47]. Small particles
primarily induce the reaction because of the decrease distances among them and high available
surface area.

The development of the solid-state reaction product in powder systems happens mostly at
particle contact sites. As a result, the particle size directly affects porosity after sintering [20,48].
Figure 4 compares the requirement of firing temperature and milling times for different firing times.
Two possibilities can be distinguished for the same firing time. Longer milling times can allow lower
firing temperatures, which will greatly reduce thermal energy consumption. Therefore, the same
productivity would be obtained while diminishing costs. Additionally, the same firing temperatures
can be kept for shorter firing times, again, allowing higher productivity for the same energy thermal
consumption.
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Figure 4. Influence of milling time on firing temperature for firing cycle times of 36, 42, and 48 min.

To further explore dependencies, the production rate was compared for different firing cycle
times and firing temperatures for milling times of 4, 10 and 13h as seen in Figure 5.
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Figure 5. a) Dependency of production rate over firing cycle time for different milling times.; (b)
Dependency of production rate from the firing temperature for different milling times.

Longer milling time results in higher production rates at the same firing temperature to keep the
same range of the tiles' final total porosity. Similarly, longer firing times are required to reduce
milling time, leading to lower production rates to retain the same quality of the final product [49].
Thus, applying longer milling time and keeping the same firing temperatures, maintaining the same
invested costs on firing, the productivity rate increases.

The dependency of the electrical consumption of the entire production plant on the firing cycle
times and firing temperatures required to reach the determined product quality for different milling
times is shown on Figure 6 .As expected, the increased milling times lead to higher electrical
consumption, considering milling relies exclusively on electrical energy. Nevertheless, this increase
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in electrical energy consumption did not increase the total production costs, as it will be shown in

Section 3.2.

Electrical consumption [kW]

Firing cycle time [min]
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Figure 6. Electrical consumption compared to required firing cycles and temperatures to reach the

determined final open porosity range from 4.8 to 5.1%.

3.2. Economic impact

To evaluate the economic impact of different process parameters in Brazilian and Spanish
economic environments, the total production costs, considering the expenses given in Table 3 were
investigated as a dependency of different milling times, as seen in Figure 7and Figure 8.
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Figure 7. Milling time influence in Brazilian cost production in USD/m?.
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Comparing both economic scenarios, it becomes clear that the reduction of costs occurs with
increasing milling times in both cases. However, there is a smaller scattering of costs for the same
milling time in the case of Spain. The scattering is attributed to the CO: emission tax, which is
currently not applied to costs in Brazil, and the higher fuel cost in Spain. Even though extended
milling increases the electrical costs proportionally, the direct impact of reducing the thermal energy
costs results in smaller total expenses.

The sustainability of the process can be interpreted in terms of the CO: emission rate. It can be
observed an increase of COz emission per m? of tile with increasing production rate, as seen in Figure
9. Therefore, longer milling times can reduce the CO: emission without interfering with the
production rate, keeping the product quality. These trends are an exciting result given the new
climate and energy target the European Commission has established for the industries to meet in

2030 [15].
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Figure 9. Influence of milling time on CO2 emission and production.
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However, longer milling times lead to higher erosion of the gridding balls used during the
process, which will result in higher expenses not accounted for here. Additionally, longer milling
times result in smaller pores size after conformation, lower bulk density and dry strength [6,20].
Smaller particles originating from excessive milling have a higher tendency to adhesion and
agglomeration that compromise the fluidity into the conformation die. Even though it is desired to
increase the packing efficiency and uniformity in the die during pressing, and smaller granules can
achieve this, the attractive forces retard the flow of small granules and reduce the fill density and
flow rate. In general, narrow granule size distributions and small dimensions of die cavities
determine a lower packing density. Increasing aspect ratio (i.e., height/diameter) in small dies makes
the variability in packing density increase [50-52]. So, to increase press productivity, higher dry
strength and higher density are beneficial to minimize the shock or vibration losses index.

Moreover, decreasing milling times and larger primary particles can reduce the product's
thickness. Consequently, longer milling times might lead to the need of changing pressing dies to
overcome dimensions mismatch and avoid hindering productivity by the pressing process. Also, the
requirement of longer milling times might require additional ball mills to maintain the continuity of
the production line. Therefore, these changes are not straightforward and require an initial
investment, also highlighting the importance of the simulation approach presented here for the
development of tools to aid decision-making.

Nassetti et al. [24] have reported a reduction in energy consumption using an additional attritor
mill within the ceramic tile process after conventional milling. Darolt et al. [6] and Kucuker et al. [53]
have also stated the benefits of high-energy milling employment in ceramic tiles manufacturing by
reducing the particle size distribution of the composition compared to conventional milling, given
this additional milling showed an increase in dry mechanical strength and increasing bulk density of
the tile after. Consequently, additional equipment of an attritor mill can be proposed as an alternative
to additional ball mills in the production line.

4. Conclusions

The market growth of porcelain tiles manufacturing emphasizes the requirement for higher
productivity to keep the industry competitive. Concurrently, there is an increased demand for CO:
emission reduction due to environmental aspects.

An optimization methodology utilizing flowsheet simulation was used to investigate alternative
processing parameters to modify the firing stage specification to increase industrial productivity and
reduce CO2 emission. The simulations were used to create a database where the operating costs of
each processing unit were coupled, including electrical and thermal costs and process productivity.
The final total porosity of the tile was restricted to be in the range of 4.8 to 5.1%, representing about
1% of open porosity and 0.5% of water absorption to maintain the final product quality. The economic
impact was investigated based on the current costs in Brazil and Spain, which are among the world’s
greatest producers.

For the same firing time, longer milling times can result in lower firing temperatures to keep the
same final porosity range, which can considerably save thermal energy, resulting in the same
production but at a lower cost. In contrast, the same firing temperatures can be maintained for shorter
firing times if longer milling times are used, resulting in increased productivity for the same thermal
energy consumption. Increased milling times did not compromise the overall costs in both Brazil and
Spain, even though there is an increase in electrical energy consumption. Similarly, longer milling
times can reduce the CO2 emission rate due to reduced firing temperature.

The increased milling periods can compromise the pressing stage due to a reduction in dry
density. Consequently, changes in dies for the press can be required to maintain the press
productivity. Also, the additional milling times can increase the erosion and wear of the ball mills
and lead to extra costs not considered in the simulation framework. It can also transfer the production
bottleneck from the kiln to the grinding operation. Alternatively, using high-energy milling may
show great potential to overcome the requirement of additional ball mill units.
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Numerical investigations and simulations using the Dyssol framework were proven to
effectively predict the outcome of modified process parameters in the porcelain tile production line.
The simulations can be used to propose modifications to increase productivity and process
sustainability, towards developing tools for aid decision-making. The proposed methodology has
shown great potential in digitizing the complete process sequence and establishing a digital twin of
the ceramics production chain.
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