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Abstract
Reducing the environmental impact of porcelain tile production while main-
taining cost-effectiveness is challenging. This work introduced a novel modeling
approach for optimizing a standard composition range comprising kaolinite (15–
38 wt.%), illite (0–20 wt.%), quartz (20–40 wt.%), and feldspar (20–45 wt.%)
to establish a robust composition interval for porcelain stoneware tiles. The
proposed study considers several factors, such as composition impact on the
manufacturing sequence, production costs, andCO2 emission.A flowsheet simu-
lation database was generated by coupling the Dyssol frameworkwithMATLAB.
This study investigated the influence of rawmaterial compositionwithin the pro-
cess sequence, the total CO2 emissions, and production costs within the contexts
of Spain and Brazil, two of the top five global producers. Granules with a higher
proportion of talc and illite exhibit reduced moisture content after spray dry-
ing, and these combinations have lower green body porosity after compaction.
The addition of talc allowed for decreased porosity content after compaction
reduced firing temperature, and lowered costs and CO2 emissions despite the
higher prices associated with talc. The proposed simulation methodology offers
a powerful decision-making tool for optimizing rawmaterial composition tomin-
imize cost and CO2 emissions in the porcelain tile production. This methodology
represents an early stride toward integrating digital twin methodologies within
the ceramic tile sector, facilitating improved process regulation, and promoting
the adoption of digital technologies.
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1 INTRODUCTION

Porcelain tiles are part of traditional ceramics and, by
definition, are a very compact product, that is, vitrified
all the way through and has extremely low porosity. The
final total porosity of the product ranges from 3% to 6%,
in which < 1.2% is open porosity directly associated with
water absorption. According to ISO13006:2018, this water
absorption should be less than 0.5%.1 This low porosity is
essential because it gives the material excellent mechani-
cal and chemical properties, making it frost-resistant and
thus ideal for outdoor flooring and wall cladding in cold
climates.2
Characteristically, porcelain tiles comprise a vitreous

phase that disperses remaining minerals, such as quartz
and feldspars, and freshly created phases, like mullite. The
industry’s ceramic tiles composition typically comprises a
glassy phase comprising 40–75 wt.% of the overall matrix.
This matrix incorporates quartz particles in a 10–30 wt.%
ratio, mullite crystals at 4–10 wt.%, and unmelted feldspar
dispersed, ranging from 0–15 wt.%.2–4 This quantitatively
dominant vitreous phase governs viscous flow sintering
and significantly impacts the geometrical properties of
tiles and their mechanical, tribological, and functional
properties.4 De Noni et al.,3 in particular, reported that
14–17 wt.% mullite is best suited for achieving a robust
microstructure in porcelain tiles produced using the stan-
dard industrial-scale technology. To achieve this character-
istic, it is necessary to prepare a mixture of compounds.
The starting composition is a triaxial mixture of clay or
kaolin, quartz, and feldspar.
During ceramic tiles’ processing, the clay fraction plays

a vital role by providing plasticity and dry mechanical
strength to the material. Upon firing, the clay transforms
and develops mullite and glassy phases, further enhanc-
ing the properties of the tiles. Feldspars (primarily sodium
feldspar) form glassy phases at low temperatures, assist-
ing the sintering process and allowing for virtually zero
(0.5%) open porosity and a low level of closed porosity
(10%). Because of its high melting point, quartz promotes
thermal and dimensional stability.2 When raw materials
are combined in the ceramic tile production, the resulting
mineralogical composition typically consists of the fol-
lowing proportions: 20–45% kaolinite, 7–10% illite–mica,
40–50% feldspathic phases, and 15–30% quartz.2–5 Fur-
thermore, materials such as talc, calcite, dolomite, and
diopside are added to reduce the sintering temperature.6
Figure 1 depicts the compositions of triaxial ceramic prod-
ucts in which a standard composition of porcelain tile is
located:
Designing porcelain tile compositions in the industry is

complex and time-consuming. Raw materials modified or
in different conditions will impact the final product and

F IGURE 1 Diagram of triaxial ceramic product compositions,
including porcelain tile.

the processing parameters, affecting the entire process-
ing sequence. Porcelain tiles are manufactured through
a series of processing steps that encompass three main
stages: (1) wet milling and homogenization of raw materi-
als, followed by spray-drying of the resulting suspension;
(2) uniaxial pressing at 35−45 MPa of the spray-dried
powder with a moisture content of 5−7 wt%; (3) thermal
treatments as drying and firing. This last stage is crucial
as sintering occurs during firing, resulting in maximum
densification of the tiles.
The entire process consumes a large amount of ther-

mal energy fromnatural gas combustion. Typically, natural
gas accounts for ∼92% of the sector’s total energy demand,
and the remaining ∼8% corresponds to electric energy
consumption.2 Spray drying of the slurry accounts for
∼36% of total thermal consumption, drying of newly
formed tile bodies (known as green tiles) accounts for∼9%,
and tile firing accounts for ∼55%—the highest within the
manufacturing process.7,8 Furthermore, electrical energy
is used at all stages of the process. Milling consumes the
most electrical power, accounting for nearly 22% of the
total consumption.7,9 The electrical energy consumption of
themilling unit is directly correlatedwith themilling time,
which depends on the composition and original particle
size distribution of the raw materials.10–12
On average, CO2 emissions from natural combustion in

porcelain tile manufacturing industries are estimated to
be around 265 kg CO2/t fired tile.8 The industry’s high
CO2 emissions are a concern, mainly since the Euro-
pean Commission published the “Roadmap for Moving
to a Competitive Low-Carbon Economy in 2050” in 2011,
intending to reduce CO2 emissions by 83%–87% by the year
2050.13,14 The ceramic tile industry is compelled to reduce
emissions to maintain competitiveness amidst global cli-
mate legislation. As a result, sustainability in production
has become a key research area. The industry aims to

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19581 by T
echnische U

niversität H
am

burg B
ibliothek - E

lektronische M
edien, W

iley O
nline L

ibrary on [14/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ALVES et al. 3

develop strategies for emission reduction and implement
sustainable practices to meet environmental goals and
ensure long-term viability.
Implementing a circular economy by reusing internal

production waste and waste from other production pro-
cesses is considered a highly valuable approach. Several
investigations have been conducted to explore the uti-
lization of industrial waste and alternative raw materials
in the manufacturing process of porcelain tiles.15 Stud-
ies conducted by Torres et al.16 investigated the impact
of quartzite and granite sludges on the compositions of
ceramic floor tiles. The findings of this study indicate a
positive correlation between flexural strength values and
a decrease in water absorption. The study conducted by
Tarhan et al.17 examined the potential impacts of incor-
porating vitrified sanitaryware waste (VSW) at different
proportions to replace pegmatite and feldspar in producing
glazed porcelain tiles. The study’s findings demonstrate
that including VSW reduces the thermal expansion coef-
ficients. This suggests that the incorporation of VSW can
result in the production of final products characterized by
enhanced dimensional stability and favorable deformation
properties.17
The integration of waste reuse into the production pro-

cess of porcelain tiles holds promise in the pursuit of
sustainability and the reduction of environmental impact.
Numeral simulations present a viable avenue for achiev-
ing this objective. Manufacturers can assess the viability
of integrating by-products and waste materials into the
production cycle by applying simulation methodologies.
This approach mitigates the environmental impact by
decreasing waste generation and enhances cost-efficiency.
In recent years, numerical simulations have become

essential for designing and optimizing industrial machin-
ery and analyzing operation parameters. Alves et al.10,11,18
demonstrated that flowsheet simulations could be used
effectively for the process simulation of porcelain tile man-
ufacturing and to simulate the entire plant. The flowsheet
Dyssol framework19,20 was used to implement models for
each unit of porcelain tiles manufacturing. The devel-
oped simulation has proven to be effective in analyzing
the impact of critical process parameters. It considers
the interdependencies between individual unit operations
across the entire process chain. The coupling of Dyssol
with MATLAB provided a tool for optimizing and build-
ing a digital twin of the processing sequence.10,11 Previous
studies applying the proposed methodology did not con-
sider the complexity of composition analysis despite the
reported influence of raw material composition on pro-
cessing parameters in the manufacturing route. However,
it is essential to acknowledge and address this complex-
ity to obtain a more comprehensive understanding of the
manufacturing process and optimize it effectively.

Chitwaree et al.8 reported that the vitrified ceramic tiles
containing 50% pottery stone and 50% recycled glass could
be used to manufacture low-temperature vitrified ceramic
tiles with a sintering temperature of 1050◦C. The prop-
erties are compliant with the regulations. The whiteness
and strength are slightly inferior compared to high-quality
commercial tiles. Still, the low sintering temperature con-
tributes to a 30% reduction in thermal energy consumption
and lower emission of about 0.0350 kg of equivalent CO2
/kg of product. The reduction in strength can be correlated
with mullite formation in the composition. Alternatively,
intense mineral fluxes can significantly reduce the firing
temperature of batches of porcelain tiles.21 However, these
fluxes contribute to an increase in the cost of raw materi-
als. Talc additions above 10 wt.% have also been linked to
compromised sintering behaviors due to induced changes
in phase composition. These fluxes directly impact the liq-
uid phase, affecting both themelt viscosity and the relative
viscosity of the bulk material..21
The impact of various compositions used in the indus-

trial production of porcelain tiles was examined in this
study using the coupling of Dyssol andMATLAB. De Noni
Jr. et al.3 developed the concept of the microstructure-
oriented composition design for porcelain tile, which was
used as the foundation for correlating the firing unit
processing parameters with the various analyzed com-
position ranges. In the present work, the mineralogical
phases under consideration included kaolinite (from 15 to
38 wt.%), illite (from 0 to 20 wt.%), quartz (from 20 to
40 wt.%), and feldspar (from 20 to 45 wt.%). The ranges
used in this analysis were derived from both literature
data and industrial compositions. As a simplification, the
simulations assumed a high degree of purity, given the
specific compounds are maintained as confidential infor-
mation. This study emphasizes the potential relevance of
using simulation methods in industrial settings, particu-
larly in accurately including rawmaterial composition and
by-products in the simulation database.
The primary objective of the research was to ascertain

the necessary adjustments in processing parameters con-
cerning the formulation. The applied simulation approach
proved to be successful in determining these alterations.
The study evaluated the potential cost reduction and
improvement in process sustainability, particularly in CO2
emissions reduction, by examining the effects of modifica-
tions in raw material composition using simulations.

2 METHODS

Based on Alves et al.,10,11,18 flowsheet models for each
processing unit of the manufacture of porcelain tiles
were created using the Dyssol framework. The data
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4 ALVES et al.

TABLE 1 Lower and upper limits and properties of mineral components for the optimization analysis in the ceramic tile industry.

Lower
limit
(wt.%)

Upper
limit
(wt.%)

d50,3
(µm)

Bond work
index
(kWh/t)

Density
(kg/m3)

Specific
heat
(J/gK)

Kaolinite 15 38 5 11.6 2650 0.810
Illite 0 20 5 6 2750 0.775
Talc 0 10 5 6 2650 0.165
Quartz 20 40 24 16.6 2650 0.703
Feldspar 20 45 24 17.06 2600 0.750

from European industries collected by Nasetti et al.12
were used to determine correlations between electrical
energy consumption and processing parameters for each
unit of the tile manufacturing sequence. Enthalpy and
mass balances were applied to model the thermal energy
consumption for the spray drying, drying, and firing units.
To validate the simulated values obtained, thermal energy
consumption thresholds from Nasetti et al.12 were used.
The lower and upper limits for the mineral components

for the optimization analysis were based on composition
data from the literature22–24 and industrial compositions
from companies in Brazil, Italy, Spain, and Argentina.3
Table 1 shows the range of each mineral component, aver-
age particle size (d50,3), Bond Work Index (BWI), and
density. The BWI defines ore grindability as crushing
resistance, correlated to material mechanical properties
defined as the kilowatt-hours per short ton required to
break from infinite size to a product size of 80% passing
through a 100 µm sieve.25 Those data were added to the
material database for the flowsheet simulations. They will
influence the models of each processing unit within the
simulation. The data from De Noni Jr5 for kaolin (Super
Standard Porcelain, Imerys, UK), quartz (SE100, Sibelco,
Spain), and floated sodium feldspar (Kaltun, Turkey) were
used for kaolinite, quartz, and feldspar, respectively. As an
approximation, it was assumed that the average particle
size of illite and talc is the same as that of kaolinite.6,21 The
sample’s density and specific heat capacity vary depending
on its purity, source, and location. Based on the litera-
ture datasheets for the components, an approximation of
the average value for each component’s density, BWI, and
specific heat capacity was adopted.3,26,27 As an important
highlight, themodel based on themineral components and
properties can be adjusted based on the rawmaterial phase
composition. As a result, the inclusion of by-products can
also be considered in the simulation. As a first guess, the
by-product composition can be deployed and addressed as
equivalent to those phases already available in the imple-
mented model. Further, new models can be built and
implemented.
During wet milling, the initial raw materials are mixed

and ground. The correlations suggested by Tsakalakis

et al.28 and Morell et al.29 served as the foundation for the
flowsheet model to describe the process. The particle size
after milling is given by:

𝐸̇el,mill = 0.1169𝑊𝑖𝑑
0.193
50,𝑓

𝑑−0.962
50,pr

𝑚̇𝑝, (1)

where 𝑑50,𝑓 is the initial particle size (feed material),𝑊𝑖 is
the BWI of a specific compound, 𝑑50,pr is the characteristic
particle size of the final product and 𝑚̇ is the mill produc-
tion. The values of the utilized BWI can be seen in Table 1.
The milling time correlates with the total electrical energy
consumption, as presented in Equation (5).
Following wet milling, the formed slurry is atomized

during spray drying, forming droplets composed of liquid
and primary particles, and their moisture content is signif-
icantly reduced, reaching approximately 7 wt%. The spray
drying unit was simplified by separating it into an atom-
izer and a drying chamber, where droplets are formed. As
a result, a model based on Walzel et al.30 was used for the
atomizer, and a model based on Ali et al.31 was used for
the drying of the granules in a counter-current flow, the
porcelain tile industry’s most commonly used spray drying
setup.
Subsequently, the produced granules are kept in a silo

for roughly 24 h to allow the moisture to be homogenized.
It was assumed that moisture correlated with granule size:
larger granules retained more water than smaller ones.
As a result, a liquid mass transfer model based on indus-
trial data relating the moisture content in each granule
and the average moisture content after spray drying was
developed.18 The granules are shaped into green tiles by
pressing after storage. The uniaxial pressing was described
using a semi-empirical relationship proposed by Bal’shin
et al.,32 in which the green tile’s porosity depends on
the spray-dried powder’s density, the applied pressure,
and several semi-empirical parameters. Based on previous
studies,5,33 the model was expanded to include the depen-
dence of porosity on the average diameter d50,3 of primary
particles after milling.
Further, drying occurs in convective dryers to reduce the

moisture from 6–8 wt.% to approximately 1 wt.%. Diffu-
sion was assumed to control how themoisture distribution
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ALVES et al. 5

changes over time within a plate following Fick’s law. For
the flowsheetmodel of this unit, a deduced analytical solu-
tion by Henderson et al.34,35 was used. Sintering occurs
during the final processing step of firing. The porosity was
modeled using the method created by Gómez et al.,36 with
the sintering stage of the firing process, is assumed to
be isothermal. The tiles’ bulk density (fired density) was
2.35 g/cm3, and the final overall porosity was fixed below
5%.5,33,37
Experimental and commercial data were used to val-

idate each implemented model. Alves et al.10,11,18 estab-
lished the framework for the models, materials database,
and process parameters that implemented each unit’s
energy consumption. The thermal and electrical energy
requirements of each unit were evaluated separately. The
thermal requirements were determined by conducting
energy and mass balances for the streams within each
unit. The necessary gas flow volume for the firing unit was
specifically determined using industrial data gathered by
a supplier of ceramic tile equipment, SACMI.38 The model
correlates the volume of gas flowwith productivity, the fuel
needed to maintain the high temperature of the empty fur-
nace, the heat produced by the fumes, and the endothermic
reactions that occur during the firing of porcelain tiles10,11:

𝑣̇𝑓,f ir = 𝑣̇FR
ul

+ 𝑋f∕p𝐶pf
(
𝑇 − 𝑇RF

) 𝑚̇𝑝

LHV

+
(
Δ𝐻 + 𝐶p

(
𝑇 − 𝑇amb

)) 𝑚̇𝑝

LHV
. (2)

Here, 𝑣̇𝑓,f ir is the volume flow of the hot gas required for
firing in Nm3/h; 𝑣̇FR

ul
is the flow of gas needed to keep the

empty furnace at a high temperature in Nm3/h; 𝑇 is the fir-
ing temperature in ◦C; 𝑇RF is the reference temperature—
the minimum at which firing takes place in ◦C; 𝑋f∕p is
a mass ratio of combustion fumes and dilution air to the
amount of the tiles;𝐶pf is the average specific heat capacity
at a constant pressure of combustion fumes in kcal/kg.◦C;
Δ𝐻 is the energy consumption due to endothermic reac-
tions in kcal/kg, 𝐶p is the average specific heat capacity at
a constant pressure of the tiles in kcal/kg.◦C; 𝑇amb is the
ambient temperature assumed to be 25◦C; 𝑚̇𝑝 is the mass
flow of tiles in kg/s; and LHV is the lower heating value of
natural gas in kcal/Nm3. The mass flow rate is converted
to the quantity of square meters of tiles produced using
the specific weight of the tile 𝛾. The values of these vari-
ables were based on the industry-specific, established data
of SACMI,38,39 presented in Table 2:
To determine the composition analysis, MATLAB was

utilized. Specifically, 20 values were considered for each
mineral composition, evenly distributed between the
defined lower and upper limits. The vectors obtained from
the analysis were combined and constrained to ensure a
final component sum of 100% while also ensuring that

TABLE 2 Reference values for variables of the kiln furnace gas
flow model.38,39

Variable Value Units
Reference temperature 𝑇RF 1190 ◦C
Specific weight of the tile 𝛾 20 kg/m2

Mass ratio of combustion fumes
and dilution air to the amount
of tiles

𝑋f∕p 2.15 –

Specific heat capacity of
combustion fumes

𝐶pfumes 0.25 kcal/kg⋅◦C

Specific heat capacity of the tiles 𝐶p 0.22 kcal/kg⋅◦C
Lower heating value of natural gas LHV 8500 kcal/Nm3

Endothermic reactions energy Δ𝐻 50 kcal/kg
Required gas flow for empty kiln 𝑣̇FR

ul
218.52 Nm3/h

Kiln length 𝐿 150 m
Kiln width 𝑤 2.5 m

each mineral had at least 20 distinct values. In total, 4,267
composition combinations were evaluated as part of the
analysis.
The milling time and firing temperature were deter-

mined for each combination. The milling time for each
combination was determined to ensure that the medium
particle size of the slurry is below 6 µm, using Equa-
tion (1). The firing temperature was assessed from the
empirical model developed by De Noni Jr. et al.3 as seen
in Equation (3):

𝑇f ir = 1390 − 310𝑋𝐹 − 1090𝑋𝐼 − 3150𝑋𝑇 + 1090𝑋𝐹𝑋𝐼

+ 4250𝑋𝐹𝑋𝑇 + 15900𝑋𝐼𝑋𝑇 − 21900𝑋𝐹𝑋𝐼𝑋𝑇. (3)

Here, 𝑇f ir is the firing temperature in ◦C and𝑋𝑖 aremass
fractions of the phases (𝐹 feldspar, 𝐼 illite, and 𝑇 talc). The
contribution of kaolinite and quartz phases is linked to the
constant parameter 1390. The dwell time for the firing time
is assumed to be 5 min at maximum temperature, and the
total firing time to be 30 min. These values were based on
industrial kilns and were adopted by De Noni Jr. et al.3
to validate the proposed correlation in Equation (3). As a
result, all simulations had the same productivity because
the productivity is inversely proportional to the whole fir-
ing cycle time cold-to-cold 𝑡f ir (the sum of pre-heating,
firing, and cooling time),1140 as seen in Equation (4):

Pr =
𝐿𝑤𝜂𝑔𝜂

2
𝑙𝑟

𝑡𝑓
(4)

where 𝐿 and 𝑤 are the kiln length and width in meters,
with values shown in Table 2. 𝜂𝑔 is the geometry efficiency,
𝜂𝑙𝑟 is the shrinkage efficiency, and 𝑡𝑓 is the total firing cycle
time in seconds. The geometry efficiency 𝜂𝑔 is the ratio
of the area occupied by the tiles to the total area of the
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6 ALVES et al.

furnace. It is assumed to be 0.98, considering 1 cm of spac-
ing between longitudinal rows and 2 mm spacing between
transverse rows.41 𝜂𝑙𝑟 is based on the linear shrinkage (𝑙𝑟)
during firing and is assumed to be 0.93, considering the
constant density of the green tile and final tile as well as
fire loss.10,11 The total production was determined as 526.75
m2/h or 10.54 ton/h.
Since each of the 4 267 simulations lasted about 25 s, the

comprehensive analysis took roughly 29 h and 40 min.
The costs include electrical and thermal energy, fixed

costs, CO2 emission taxes, raw materials, and glazing. The
production costswere divided based on scenarios for Brazil
and Spain, two of the top five global producers, using either
a constant price for raw materials (𝐶pr 1) or prices for each
mineral phase (𝐶pr 2).42 The selection of these two sce-
narios is based on industrial partners from the authors
and the distinction of economic factors such as electri-
cal energy costs and CO2 emission taxes. Consequently,
for each combination, four production costs were obtained
(𝐶pr 1,Brazil, 𝐶pr 2,Brazil, 𝐶pr 1,Spain and 𝐶pr 2,Spain). These two
scenarios were chosen based on the authors’ industrial
partners and differences in economic factors such as elec-
trical energy costs and CO2 emission taxes. The values for
each mineral phase were based on industrial values from
Brazil, without regard for the geographical region or mate-
rial contamination.3 All costs were considered in USD for
normalization.
Natural gas was used as the fuel, and its LHV was

8500 kcal/Nm3 or 9.88 kWh/Nm3, with estimated CO2
emissions of 56 100 kg CO2/TJ or roughly 0.2 kg CO2/kWh,
resulting in 1.976 kg CO2/Nm3 of natural gas emitted.39,43
Additionally, electrical energy contributes to CO2 emis-
sions. In 2022, the average emissions of Spain were 195 g
CO2eq/kWh.44 This value is relatively high compared to
the Brazilian scenario, where the emissions intensity was
98 g CO2eq/kWh.45 The difference can be attributed to
Spain’s reliance on fossil fuels for electricity generation
compared to Brazil, which has a significant hydropower
and renewable energy sector. Table 3 summarizes the
values for each cost component for Brazil and Spain:
As proposed by Alves et al.,10,11 the sum of the elec-

trical energy consumption of each unit in the processing
sequence (Equation (5)) gives the total electrical energy
consumption (𝐸̇el,total)) in kWh/ton. The interplay between
the mass load and the electrical energy consumption
of milling, pressing, spray drying, drying, and firing is
described in each unit by Equations (5)–(10), accordingly:

𝐸̇el,total = 𝐸̇el,mill + 𝐸̇el,sdry + 𝐸̇el,press + 𝐸̇el,dry + 𝐸̇el,f ir (5)

𝐸̇el,mill = 7.6𝑚̇𝑝𝑡mill (6)

𝐸̇el,press = 20𝑚̇𝑝 (7)

𝐸̇el,sdry = 8𝑚̇𝑝 (8)

𝐸̇el,dry = 12𝑚̇𝑝 (9)

𝐸̇el,f ir = 22𝑚̇𝑝 (10)

where 𝑚̇𝑝 is themass flow of the product that generates the
final tile. The correlations were proposed by the collected
data fromNassetti et al.12 and have been previously applied
in the literature.10,11 In contrast to the other units, there is
an additional factor of milling time (𝑡mill) specific to the
unit.33
Because there is currently no CO2 tax in Brazil, this

value was not factored into the cost calculation, in contrast
to European industry conditions, where CO2 emissions
taxes need to be considered.46,47 The raw material and
glazing costs in Spain were assumed to be the same as
in Brazil because these values do not vary due to differ-
ences in processing parameters and thus do not influence
the variation in total production cost. The glazing mass is
assumed to be 10% of the total mass of the tiles.38,39 Extra
charges for staff, miscellaneous inputs, maintenance, and
insurance are estimated to be 1/3 of the total production
cost in both Brazil and Spain ( 𝐶extra = 1∕3𝐶pr). Addition-
ally, it is assumed that packing will cost 1/4 of the total
cost of production (𝐶packing = 1∕4𝐶pr). Equations (11)–(14)
describe the various methods for calculating total pro-
duction costs in Brazil (𝐶pr 1,Brazil) and Spain (𝐶pr 1,Spain),
assuming constant rawmaterial costs and the value of each
mineralogical phase cost in Brazil (𝐶pr 2,Brazil) and Spain
(𝐶pr 2,Spain), respectively:

𝐶pr 1,Brazil =

(
1 +

1

3
+
1

4

)[
𝛾Pr

(
𝐶raw + 𝐶glaz0.1 + 𝐶el𝐸el,total

+
𝐸th,sdry𝐶sdry

LHV
+
𝐸th,dry𝐶fuel

LHV

)
+ 𝑣̇𝑓,f ir𝐶fuel

]
(11)

𝐶pr 1,Spain =

(
1 +

1

3
+
1

4

)[
𝛾Pr

(
𝐶raw + 𝐶glaz0.1 + 𝐶el𝐸el,total

+
(𝐸th,sdry + 𝐸th,dry)𝐶fuel

LHV

)
+ 𝑣̇𝑓,f ir𝐶fuel

]

+1.976𝐶CO2𝑣̇𝑓,total (12)

𝐶pr 2,Brazil =

(
1 +

1

3
+
1

4

)[
𝛾Pr

(
𝑋𝐹𝐶raw,F + 𝑋𝑘 𝐶raw,K

+𝑋𝐼𝐶raw,I + 𝑋𝑞𝐶raw,Q + 𝑋𝑡𝐶raw,T + 𝐶glaz0.1

+𝐶el𝐸el,total +
𝐸th,sdry𝐶sdry

LHV
+
𝐸th,dry𝐶fuel

LHV

)

+ 𝑣̇𝑓,f ir𝐶fuel

]
(13)
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ALVES et al. 7

TABLE 3 Unit costs for raw materials, electrical energy, fuel, and CO2 emissions taxes for Brazil and Spain.

Costs Brazil Spain Units
Constant raw material (𝐶raw) 28.5 28.5 USD/ton
Feldspathic phase (𝐶raw,F) 70 70 USD/ton
Kaolinite (𝐶raw,K) 15 15 USD/ton
Illite (𝐶raw,I) 10 10 USD/ton
Quartz (𝐶raw,Q) 5 5 USD/ton
Talc (𝐶raw,T) 40 40 USD/ton
Glazing (𝐶glaz) 475 475 USD/ton
Electrical energy (𝐶el) 0.0665 0.0497 USD/kWh
Spray drying (𝐶sdry) 0.076 0.0606 USD/kg of dried material
Fuel (𝐶fuel) 0.7733 1.5609 USD/Nm3

Electrical CO2 emissions (𝐶el,CO2) 1.95e−4 9.8e−5 ton CO2/kWh
Taxes on CO2 emissions (𝐶CO2) – 16.58 USD/ton CO2

𝐶pr 2,Spain =

(
1 +

1

3
+
1

4

)[
𝛾Pr

(
𝑋𝐹𝐶raw,𝐹 + 𝑋𝑘 𝐶raw,K

+𝑋𝐼𝐶raw,I + 𝑋𝑞𝐶raw,Q + 𝑋𝑡𝐶raw,T + 𝐶glaz0.1

+𝐶el𝐸el,total +
(𝐸th,sdry + 𝐸th,dry)𝐶fuel

LHV

)

+ 𝑣̇𝑓,f ir𝐶fuel

]
+ 1.976𝐶CO2𝑣̇𝑓,total. (14)

This assessment evaluated the costs by considering the
total cost per square meter of produced porcelain tile
(USD/m2). The sustainability of the process sequence was
assessed based on the total CO2 emissions. Prices in US
dollars were calculated using the following exchange rates:
0.19 USD/R$ and 0.98 USD/€.

3 RESULTS AND DISCUSSION

Talc received particular attention in the analysis due to
its distinctive physical characteristics, including softness,
lubricity, and low abrasiveness. These properties make
talc an important additive in the ceramic tile manu-
facturing process. Additionally, talc functions as a flux
agent, reducing sintering temperatures and promoting
densification.6,21,48,49 As a result, careful monitoring of the
talc concentration should guarantee the porcelain tiles’
performance, cost-effectiveness, and properties during
production.
Milling time, spray-dried granule moisture, green body

porosity, and sintering temperature varywith composition.
The evaluation of each property results in a multidi-
mensional analysis. Colormaps were created for each
component (kaolin, quartz, feldspar, and illite) with a gra-
dient based on talc content to evaluate the effects of each

composition component on these various parameters. The
colormaps were created by plotting the property values
concerning the different composition components with
constant slices of the talc compositions and performing
cubic interpolation of the values. The slurry’s minimum
milling time to reach at least 6 µm of medium particle
size (d50,3) varied according to the composition. Figure 2
compares the minimum milling time for different compo-
sitions based on the concentration of (a) kaolin, (b) quartz,
(c) feldspar, and (d) illite:
Milling time increases proportionally to feldspar con-

tent and decreases proportionally to illite and talc content.
The shortest milling time was determined for a compo-
sition consisting of 20 wt.% feldspar, 23.59 wt.% quartz,
29.74 wt.% kaolin, 8.72 wt.% talc, and 17.95 wt.% illite, the
shortest milling time. On the other hand, the maximum
milling time was determined for a composition of 42 wt.%
feldspar, 28.2 wt.% quartz, 20.3 wt.% kaolin, 0.26 wt.% talc,
and 9.23 wt.% illite. The range of milling time was from
11.76 to 13.97 h. These milling times are commonly associ-
ated with achieving a particle size distribution with a d50,3
of approximately 6 µm for the slurry.10,11,33 It was assumed
that the average density of each component within the
composition was similar. Additionally, it was assumed that
changes in composition would not significantly impact the
properties of the slurry obtained after milling. As a result,
the composition variation influences the entire process
sequence. Figure 3 compares the composition influence on
the moisture of the obtained granules after spray drying:
While illite reduced the moisture content of the gran-

ules after spray drying, the increase in quartz content
contributed to the increase in moisture content. This find-
ing contrasts the hydrophilic properties of illite and the
hydrophobic nature of quartz, suggesting that illite has
an innate tendency to attract and retain water molecules,
hence promoting moisture absorption.
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8 ALVES et al.

F IGURE 2 Comparison of minimummilling time according to the content of (A) kaolin, (B) quartz, (C) feldspar, and (D) illite.

The justification for the influence of compounds on the
particle size distribution of the slurry during milling may
be derived from the modeling of spray drying kinetics.
The distribution of particle sizes affects the drying pro-
cess because smaller sizes have a longer residence time
and a larger specific surface area, which causes them to
lose moisture more quickly than larger sizes. The same
has been reported in the literature.50,51 Additionally, the
granules’ moisture content is decreased through elevated
temperatures and airflow during the spray drying proce-
dure. In the presence of a notable concentration of illite,
the moisture that the granules have absorbed may exhibit
a gradual release while the granules undergo the drying
process. The progressive release of moisture can mitigate
the hydrophilic properties of illite, resulting in a reduced
overall moisture content in the end product.
Although not explicitly discussed in the simulation, pre-

vious studies have indicated that the inclusion of illite
content in granules may have the ability to increase their
porosity.52,53 The water-absorbing properties of illite may
result in the formation of more holes and increased sur-
face area within the granules. The presence of these pores

enables the illite to function as a moisture reservoir, facil-
itating the absorption and retention of water within the
granules. Hence, although the simulation outcomes may
be deemed justifiable, it is advisable to undertake exper-
imental research to evaluate the data derived from those
simulations.
The moisture content, however, varies between

6.86 wt.% and 7.19 wt.%, indicating a variance of only
0.33 wt.%. This difference does not lead to very substan-
tial changes in the compaction of the parts. Currently,
industrial facilities regulate the moisture content levels
of atomized powder to ensure that it remains within
a specified maximum variation range of 1 wt.%.54–57
Yet, achieving this target can be challenging. Thus, the
suggested simulations can be useful to demonstrate how
this might be attained in a more straightforward method,
reducing experimental trials.
The porosity after pressing (green body porosity) is

compared with various combinations of raw materials in
Figure 4.
The green body porosity ranged from 29.68% to 30.72%,

decreasing with increasing talc content. Increasing the
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ALVES et al. 9

F IGURE 3 Comparison of granules moisture after spray drying according to the content of (A) kaolin, (B) quartz, (C) feldspar, and (D)
illite.

proportion of quartz in a composition can increase poros-
ity after compaction. Talc has a platy or flake-like shape,
which can reduce the porosity of porcelain tiles after
pressing. The talc particles can align themselves during
pressing, creating a “barrier” that limits the space for other
particles in the tile formulation to move. The talc particles’
alignment results in a more compact structure that lessens
the quantity and size of pores in the green tile.6,21
Additionally, the surface energy of talc particles is rela-

tively low, which can lessen the surface tension between
the particles in the formulation of the tile. As a result,
the particles may be packed more uniformly, which may
also reduce the porosity of the tile.48,49 The same has been
concluded by Darolt et al.33 and Ishizaki et al.58
The effect of raw material composition on the process-

ing sequence demonstrates how the proposed simulation
methodology applies to the entire manufacturing line
and is adaptable to variations in raw material conditions.
In Figure 5, color maps display the determined sinter-
ing temperatures for different compositions based on the
concentration of the compounds.

The composition of 23.00 wt.% feldspar, 30.77 wt.%
quartz, 36.23 wt.% kaolin, 10.00 wt.% talc, and 0 wt.% illite
exhibited the lowest firing temperature of 1101.45◦C. The
maximum sintering temperature was determined to be
1252.04◦C for a combination of 22 wt.% feldspar, 31.8 wt.%
quartz, 38 wt.% kaolin, 0 wt.% talc, and 8.2 wt.% illite. As
previously observed in the literature, the sintering tem-
perature decreases with the talc content,6,21 leading to
a difference of nearly 150◦C. The firing temperature is
closely connected to the melting temperatures and reactiv-
ity of the components that make up ceramic compositions.
Due to common fluxing agents, the ceramics system can
present a lower melting point and vitrify at lower tem-
peratures. On the other hand, refractory materials with
highermelting points, including quartz and kaolin,may be
employed.3,59 The interactions between different compo-
nents may produce synergistic effects. Illite, for instance,
is renowned for its plasticity and may impact how the
ceramicmixture compacts and fuses. It could interact with
other elements, such as kaolin, in ways that affect the fir-
ing temperature as a whole.60 The simulation results were
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10 ALVES et al.

F IGURE 4 Comparison of porosity after pressing according to the content of (A) kaolin, (B) quartz, (C) feldspar, and (D) illite.

derived from the proposed correlation byDeNoni Jr. et al.,3
which was formulated using data obtained from industry
plants. The suggested composition range guaranteed the
mullite production, producing a strong microstructure for
porcelain stoneware tiles using standard industrial-scale
techniques.
To ascertain the actual influence of these changes

in composition on the firing temperature, it is recom-
mended to carry out empirical investigations. However,
the suggested simulation approach serves as a crucial
decision-making tool for adjusting processing parame-
ters and identifying particular experiments that should be
undertaken to limit the number of needed trials. This is
particularly valuable when considering an extensive range
of spatial combinations.
The sintering temperature and CO2 emissions are

directly related. This can be observed in Figure 6, consid-
ering the Brazilian scenario.
CO2 emissions ranged from 8.66 kg/m2 (4.56 ton/h) to

10.01 kg/m2 (5.27 ton/h), a 0.71 ton/h difference of CO2.
The contribution of CO2 emissions due to electrical energy
in Spain ranged from 5.83×10−5 to 6.59×10−5 ton/h, while

in Brazil, it went from 2.93×10−5 to 3.31×10−5 ton/h. As
a result, no graphic variation between the Spanish and
Brazilian scenarios for CO2 emissions can be observed.
This can be explained by the fact that electrical energy
contributes less than thermal energy for the porcelain tile
manufacturing route.
Including talc in the raw material composition has led

to a significant cost increase, particularly due to the higher
cost associated with this component (Table 3).6,26 Con-
sidering raw materials costs as a constant value, Figure 7
compares the total cost of production and CO2 emissions
for Spain (𝐶pr 1,Spain) and Brazil (𝐶pr 1,Brazil).
The total cost of production and CO2 emissions for

various raw material combinations in Spain (𝐶pr 2,Spain)
and Brazil (𝐶pr 2,Brazil) can be seen in Appendix A. The
increased talc content reduced both scenarios’ total pro-
duction costs and CO2 emissions. Although the number
of generated data points is the same for both systems, the
data for the Spanish scenario are divided into more line
segments than the Brazilian scenario. This segmentation
indicates that the Spanish data are more concentrated,
suggesting a narrower range of variation compared to the
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ALVES et al. 11

F IGURE 5 Comparison of sintering temperature according to the content of (A) kaolin, (B) quartz, (C) feldspar, and (D) illite.

Brazilian data. The concentration of data points in the
Spanish scenario may be attributed to factors such as CO2
taxes and higher electrical energy costs. These cost-related
factors could lead to more focused and consistent data,
as they likely influence the decision-making process and
incentivize a more concentrated range of compositions or
process optimizations.
Figure 8 compares the CO2 emissions and total costs in

the Brazilian scenario considering the raw material costs
(𝐶pr 2,Brazil), talc content, and sintering temperatures. The
lowest costs can be seen to correspond with the lowest
CO2 emissions and highest talc contents. The cost range
for Spain is between 6.53 and 7.08 U$/m2, while for Brazil,
the range is between 4.22 and 4.58 US$/m2. This varia-
tion can be explained by the CO2 tax emission already
placed for Spain. As a result, using fluxes such as talc,
which contributes to lower CO2 emissions and costs, has
a more significant impact in Spain than in Brazil. Another
important consideration is that the assumed costs for raw
materials were determined based on the prices of the min-
eralogical phases rather than the individual compounds
themselves. This approach reflects the industry practice

of evaluating and pricing raw materials based on their
mineralogical composition rather than their elemental or
compound composition. In practice, the raw materials for
porcelain tile manufacturing are obtained through com-
pounds containing different mineralogical phases with
varying degrees of purity, directly reflecting the raw mate-
rial costs. Furthermore, prices for both Spain and Brazil
were averaged, even though rawmaterial prices are heavily
influenced by location. Overall, the initial analysis using
these values laid the groundwork for assessing the sim-
ulation methodology’s capabilities and provided valuable
information on the implications of changing the rawmate-
rial composition within the ceramic tile manufacturing
process.

4 CONCLUSIONS

Porcelain tiles are manufactured using a combination
of mineral raw materials. Typically, these materials
include 20–45% kaolinite, 7–10% illite–mica, 40–50%
feldspathic phases, and 15–30% quartz. In the industry,
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12 ALVES et al.

F IGURE 6 Comparison of CO2 emission from the Brazilian scenario according to the content of (A) kaolin, (B) quartz, (C) talc, (D)
feldspar, and (E) illite.

the composition design is a complex and time-consuming
task. Environmental concerns are driving an increase
in demand for CO2 emission reductions. To tackle these
challenges, the developed simulation methodology was
expanded to incorporate the composition of kaolinite,
illite, feldspar, and quartz rawmaterials. This was achieved
by utilizing flowsheet simulations with the Dyssol frame-
work and coupling it with MATLAB. By integrating the
composition data into the simulation framework, the anal-
ysis could capture the influence of varying compositions
on the overall process and its outcomes.
The minimum required milling time for the various

material combinations to produce a slurry with at least a
median particle size of 6 µm was calculated using simu-
lations. Similarly, semi-empirical correlations determined
specific sintering temperatures for each rawmaterial com-
bination. Simulations were used to correlate total CO2
emissions and total production costs, considering both the
Brazilian and Spanish scenarios, with a constant value for
raw materials and the cost of each mineralogical phase. In
total, 3 864 simulations were performed for the analysis.

The modifications made to the raw materials within
the ceramic tile manufacturing process can be observed in
the total costs and the resulting variations in CO2 emis-
sions. These modifications have an impact on multiple
stages throughout the entire process sequence. Themilling
time required to achieve a minimum median particle size
of 6 µm increases proportionally to feldspar and quartz
amount and decreases proportionally to illite, kaolin, and
talc content. The granules formed from more talc and
illite combinations have less moisture after spray drying,
and these combinations have lower green body porosity
after compaction. This can be explained by smaller parti-
cles having a longer residence time and a larger surface
area than larger particles, contributing to more mois-
ture loss. Talc particles can also align to ensure greater
compactability due to their flake-like shape.
Even though talc has been associatedwith higher prices,

this flux contributes to lowering total production costs
and CO2 emissions in both Brazilian and Spanish scenar-
ios. The raw material costs were estimated and averaged
based on the mineralogical phases, with no regard for cost
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ALVES et al. 13

F IGURE 7 Comparison of total costs production with CO2

emissions considering raw material costs as constant for (A) Spain,
and (B) Brazil.

variation based on location. While the exact production
costs may vary due to market fluctuations and specific
operational considerations, the simulation incorporated
cost approximations to provide a more accurate represen-
tation of the economic implications of the raw material
modifications.
The improvement of the proposed simulation method-

ology proved effective in predicting the outcome of both
modified process parameters and raw material start com-
position in manufacturing porcelain tiles. The simulation
approach’s application potential can be broadened by inte-
grating by-products, waste materials, or dry rawmaterials.
The rawmaterials can be subject to modification following
specific requirements. Also, additional recycling streams
can be implemented to enhance waste management prac-
tices. Specifically, the proposed simulation methodology
enables the prediction of the consequences of employ-

ing dry raw materials and anticipating fluctuations in the
manufacturing process and product quality throughout
the manufacturing sequence. Manufacturers can utilize
the simulation methodology to evaluate the feasibility of
incorporating by-products, waste materials, and dry raw
materials into the production cycle. This approach will not
only serve to reduce the environmental impact by decreas-
ing waste generation but also enhance cost-effectiveness
without compromising the quality of the product.
The simulation methodology holds significant appli-

cability in decision-making even before purchasing raw
materials and modifying the manufacturing sequence.
Using the simulation to evaluate various compositions,
manufacturers can assess the optimal rawmaterial compo-
sition that minimizes production costs and CO2 emissions.
This process allows manufacturers to make informed
decisions on revalorizing waste and potentially replac-
ing or supplementing traditional raw materials with more
sustainable alternatives.
The proposed methodology has demonstrated promis-

ing capabilities in digitizing the entire process sequence
of porcelain tile manufacturing. By creating a digital twin
of the manufacturing chain, the methodology enables vir-
tual representation and analysis of the production process,
yielding several notable benefits. The proposed simula-
tion methodology has the potential to boost production
efficiency through the implementation of real-time moni-
toring and control, resulting in reduced downtime and the
elimination of errors. Themethod allows formodeling and
optimizing several processing units, facilitating the detec-
tion of bottlenecks and inefficiencies before interference
with the tangible production line. Upon receiving various
rawmaterial compositions, distinct processing parameters
can be promptly identified according to this raw material
composition.
The simulation makes a significant contribution to

achieving cost reductions. It allows for evaluating many
situations and decision-making without complex physical
modeling or costly trial and error. Quality assurance is an
additional noteworthy benefit. Through constant virtual
representation and analysis, manufacturers can detect
defects or deviations from prescribed standards in the
early stages of production, ensuring that only products
of exceptional quality are introduced to the market. The
matter of sustainability objectives is also being tackled. By
using the optimization approaches suggested by the simu-
lation,manufacturers have the potential tomitigate energy
usage, emissions, and waste effectively, therefore aligning
their production operations with ecologically sustainable
principles. The approach above also enables decision-
making, that is, grounded in empirical facts. The system
can generate a vast amount of data that can be utilized for
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14 ALVES et al.

F IGURE 8 Dependence of CO2 emissions in the Brazilian scenario with total costs (C_(pr 2,Brazil)), talc content, and sintering
temperature.

analysis and predictive maintenance. This enables
informed decision-making, forecasting of equipment
repair needs, and continuous improvements in operational
processes.
Overall, using the flowsheet frameworks for simulating

manufacturing processes for porcelain tiles offers numer-
ous practical benefits, including enhanced operational
efficiency, cost reduction, quality assurance, increased
adaptability, improved sustainability, data-driven insights,
and a favorable competitive edge. The methodology facil-
itates the creation of a digital model. It examines the
manufacturing process, introducing a new age of flexi-
ble, efficient, and ecologically sustainable manufacturing
practices in the porcelain tile industry.

NOMENCLATURE

Symbol Description Unit
𝐶 Cost USD/ton
𝐶𝑝 Specific heat J/kgK
𝐸̇el Electrical energy consumption kWh/ton
LHV Lower heating value of natural gas kcal/Nm3

𝑚̇ Mass flow rate kg/s
𝑡 Time h
𝑇 Temperature ˚C
𝑣̇FR
ul

Required gas flow for empty kiln Nm3/h
𝑊𝑖 Bond work index kWh/t
𝑋 Mass fraction –
Xf∕p Mass ratio of combustion fumes and

dilution air
–

(Continue)

Greek letters
Δ𝐻 Endothermic reactions energy kcal/kg
𝛾 Specific weight of the tile kg/m2

Subscripts and superscripts
dry Drying
𝑓 Feed
𝐹 Feldspar
f ir Firing
fuel Fuel
fumes Fumes
glaz Glazing
I Illite
K Kaolinite
mill Milling
pr Product
press Pressing
raw Raw materials
RF Reference
sdry Spray drying
T Talc
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APPENDIX: RELATIONSHIP BETWEEN TOTAL
COSTS AND CO2 EMISSIONS CONCERNING RAW
MATERIAL COSTS
The dependence of CO2 emissions for the various simu-
lated raw material combinations according to the scenario
of Spain (𝐶pr 2,Spain) and Brazil (𝐶pr 2,Brazil) can be seen in
Figures A1 and A2, respectively:

F IGURE A1 Comparison of total costs of production with CO2 emissions considering different values of raw material costs for Spain
(𝐶pr 2,Spain).
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F IGURE A2 Comparison of total costs of production with CO2 emissions considering different values of raw material costs for Brazil
(𝐶pr 2,Brazil).
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