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1 | INTRODUCTION
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Stefan Heinrich'

ABSTRACT

The ceramic tile has an estimated global warming potential of 14.4 kg CO, equiv-
alent per square meter, with CO, emissions contributing to approximately 92.1%
of the overall impact. The total emissions amount to 19 million tons of CO,
annually, representing approximately 1% of Europe’s industrial emissions that
are regulated by the EU Emissions Trading System. As a result, the ceramic
industry is under growing pressure to decrease carbon emissions and improve
energy efficiency in accordance with Europe’s new climate and energy objec-
tives. However, this process holds a clear challenge. This work addresses the
challenges and opportunities facing the ceramic tile industry in reducing carbon
emissions and improving energy efficiency in line with new climate and energy
goals worldwide. It highlights the importance of adopting innovative strategies
across product, process efficiency, and market and supply chain aspects.
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Ceramic tiles are manufactures by a sequence of process-
ing steps including raw material preparation, forming or

Climate change presents substantial global challenges. The
worldwide scarcity of resources has become a significant
policy concern, driven by projections of increasing popula-
tions and the depletion of natural resources. Consequently,
the term sustainability gained significant focus, encom-
passing concepts such as “source reduction,” recycling,
recovery, waste reduction, cleaner manufacturing tech-
nologies, and industrial ecology.1 In this context, ceramics,
although made from natural materials, are recognized for
their substantial energy consumption and the release of
pollutants during production. Consequently, this industry
has received additional attention.

shaping, drying, glazing, and firing.” The preparation of
the raw materials basically occurs in either of two forms:
“dry milling” or “wet milling,” distinguishing between
the dry and wet route, respectively.>* In the wet route,
after the wet milling, the suspension undergoes spray dry-
ing. The forming methods can be categorized into three
main groups, based on the increasing moisture content:
(1) forming through uniaxial or isostatic semi-dry pressing
of a granulate material with low moisture content and/or
binder addition; (2) plastic forming through extrusion,
plastic pressing, wheel throwing, etc., using plastic masses;
and (3) forming through air slip casting or pressure casting
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FIGURE 1 Stage steps in the manufacture of ceramic products.®

of suspensions.’ Figure 1 shows schematically the man-
ufacturing steps for the production of ceramic products
including the possible or necessary supply and disposal of
facilities.®

The entire process consumes significant amount of
energy and natural resources, including water. Average
water consumption per square meter of manufactured
tiles is around 20 L, and energy consumption is around
32 kWh.” The majority of energy consumption (90%) is
attributed to thermal energy consumption including the
spray drying of the body suspensions, drying of the tile
and the firing stage. 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.®’ Since this thermal energy
is obtained from the combustion of fossil fuels, the esti-

mated global warming potential for ceramic tile was 14.4 kg
CO, equivalent per square meter and the CO, emissions
account for approximately 92.1% of the overall effect.' It is
important to notice the natural gas cogeneration facility in
many European plants, which increase the overall energy
efficiency on spray drying process."’

Despite this, there is an increase in the demand for
these products worldwide. For example, the European
ceramic industry generated a total revenue of €26 billion
within the European Union in 2021, with over one-third of
its production volume being exported to countries outside
the EU." The total emissions accounted 19 million tons of
CO, per year, accounting for approximately 1% of Europe’s
industrial emissions regulated by the EU Emissions
Trading System.>!! The European Union’s clear trajectory
toward reducing carbon emissions through initiatives
like the European Green Deal and the legally binding
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FIGURE 2
energy efficiency and sustainability in ceramic tiles.

Proposed integrated approach scheme for increase

European Climate Law has brought increased focus to the
sustainability of the ceramic industry.'>"> The European
Climate Law enacts the objective outlined in the European
Green Deal to achieve climate neutrality for Europe’s
economy and society by 2050. The legislation additionally
establishes a goal of decreasing overall greenhouse gas
emissions by a minimum of 55% by the year 2030."!

This critical review focused on identifying and ana-
lyzing different sustainability strategies and opportunities
using an integrated approach for the ceramic tile indus-
try. The study centers around analyzing the supply chain
of ceramic tiles, market trends, current technologies, and
automation tools, with a particular emphasis on com-
prehending the interrelationships among key factors in
ceramic tile production. Additionally, the review aims to
enhance the understanding of local manufacturers regard-
ing the adoption of low-carbon processes and digitalization
tools, which are significant obstacle.'* The integrated
approach seeks to concentrate on strategies that are inter-
connected in three main areas: product, market and supply
chain, and process efficiency. The proposed approach is
seen schematized in Figure 2.

2 | STRATEGIES BASED ON CERAMIC
TILE PRODUCT

The global ceramic tiles market is experiencing growth due
to the rising demand for ceramic tiles that offer improved
aesthetics, durability, ease of maintenance, and resistance
to fire, water, and scratches.® Moreover, the worldwide
ceramic tiles market is expected to witness expansion
in the near future owing to the increasing demand for
ceramic tiles in various sectors such as hospitals, laborato-
ries, and residential buildings. The exceptional durability,
low maintenance requirements, and cost-effectiveness of
ceramic tiles are the reasons for this. Furthermore, ceramic

tiles serve as a cost-efficient and health-conscious substi-
tute for conventional paints.'>'?

The technological innovation of this sector are closely
related to increasing the size of the plates. Nowadays, it is
possible to find since 200 x 200 mm? up to 1200 x 2400
mm?. European and Brazilian markets have exhibited
a greater inclination toward larger sizes, with a typi-
cal dimension of 900 X 900 X 9 mm?>. On the other
hand, the American market has shown a higher ten-
dency to purchase and manufacture smaller sizes, such as
500 x 500 x 7 mm?."> This market trend influences more
than just aesthetics. The larger tile sizes exhibit higher
thickness in comparison to the smaller ones. For instance,
a tile measuring 900 X 900 X 9 mm? has a specific mass
of approximately 20-22 kg/m?, whereas the “regular old”
size of 500 x 500 x 7 mm?> has a density of 15-17 kg/m?.
The additional density can be related to the general greater
thickness of larger tiles, such as 900 X 900 X 9 mm?. This
increased thickness contributes directly to a higher mass
per unit area (kg/m?), even if the volumetric density of the
material remains constant.

The extrapolation of higher specific mass, however, is
not linear. Large size products could be made with reduced
thickness and vice versa. But, the increasing of both the
dimensions and the thickness of the product results in
various implications for the manufacturing process and
transportation, necessitating, for instance, the recruitment
of additional personnel for the application of the tiles, and
more complex logistic to deliver the products to end user.
The alterations made to the production process have a
direct impact on the emissions of CO, and process sustain-
ability. It is very tough for a company do not follow the
market trends, under the risk to bankrupt. This is the case
of the large formats, for instance. One alternative to face
both, the business and environment sustainability, is to
keep the specific mass under low level, about 15-17 kg/m?
for any size.

The compromise between large formats and low thick-
ness can only be attained upon low porosity level, a high
control of the raw material composition and the process
parameters.'>!” In this regard, porcelain tile is the best
alternative as the target concept. Only porosity reduction
do not guarantee the higher mechanical performance.'
The microstructure should be robust, obtained by ade-
quate combination of the raw materials.'® Strong and
resilient microstructure for ceramic tile is based on the
control the growth of cracks below the critical threshold
and the development of residual stress. When a plate is
subjected to a rapid cooling rate, a residual stress profile
is generated across its thickness. Additionally, the size
of any flaws within the plate may increase compared
to plates cooled slowly, particularly for cracks formed
around quartz particles.'”?° The magnitude of the flaw
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enlargement is contingent upon the rate at which cooling
occurs and the characteristics of the microstructure.?
A slower cooling rate results in a decrease in residual
stress and the size of flaws. Nevertheless, the strategy
is not implemented in industries due to the lack of kiln
preparation. Roller kilns feature a cooling section where
the rate of cooling is intentionally reduced to account for
the a—f quartz transition temperature, which occurs only
between 650°C and 500°C.!7%!

Higher mechanical strength and lower flaw size can also
be achieved by ideal mullite content in the microstructure.
Mullite content ranging from 14% to 17% demonstrates a
more pronounced enhancement in bending strength and
a decrease in subcritical crack growth.?>?3 Alternatively,
Taskiran et al.** introduced a porcelain microstructure
consisting of anorthite, which is composed of 20% clay
mineral, 25% wollastonite, 30% alumina, 20% quartz, and
5% basic magnesium carbonate. Although mullite-based
porcelain has been the dominant choice in the porcelain
tile market, anorthite-based porcelain offers a lower aver-
age sintering temperature, 40°C lower than mullite-based
porcelain.? This can directly contribute for a more sustain-
able firing operation. However, the sintering temperature
range for anorthite-based porcelain is more than 40°C nar-
rower than that of mullite-based porcelain, which is the
main obstacle for the industrial application of anorthite-
based porcelain. The application of combined system of
the SiO,-Al,05-K,0 and SiO,-Al,03;-CaO ternary sys-
tems, as well as flux consisting of both feldspar and a
magnesia-containing component, may improve the firing
behavior and further promote the industrial application of
anorthite.”>~?’ Studies in this specific field may be partic-
ular interest for the aspect of enhancing the sustainability
of processes. This paper specifically examines ceramic tiles
and their widely established, internationally recognized
manufacturing processes. While innovative alternatives
such as sustainable ceramic/polymer composites, recy-
cled glass tiles, geopolymers, bamboo-based tiles, and
bio-composite tiles demonstrate significant potential for
reducing CO, emissions in surface covering,’®?’ they are
beyond the scope of this study.

The open porosity of the ceramic tiles is used to classi-
fied different products. Table 1 presents the groups from
<0.5% up to >10% water absorption, according to the
international standards of ceramics.*’

The groups AIIl and BIII are products for inner wall
surfaces, while all other class are applied in general to
floor covering. Among floor tiles, porcelain tile, Bla has
the highest market value while BIIb has the lowest market
value. Products from BIb to Blla usually have low market
appeal. They are not labeled as porcelain tile and cannot
achieve the same level of market price, although can also
rise equivalent level of durability. At the same time, those
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FIGURE 3 [Illustration of how the implementation of the new

standardized method for determining water absorption impacts the
classification of labels.>

groups have higher production cost in comparison to BIIb,
usually made by dry route, and cannot compete with them.
After almost 40 years of successful end use mechanical per-
formance of porcelain tile,3! the ISO/TC 189 Ceramic Tiles
Working Group has approved water absorption standard
1S013006:2018*° has made a modification to the standard
absorption test method. Instead of using the 2 h boiling
water method, the new standard method involves placing
the sample in a vacuum chamber before exposure to ambi-
ent water. As a result, the open porosity is more accurately
measured. In the other hand, the water absorption limits
were not reviewed in the same way, keeping the old values
as shown in Table 1. Figure 3 shows the results of water
absorption for three products for comparing the effect of
the test method.

It can be checked the products B and C, with the new
standard, are out of the range and cannot be sold as porce-
lain tile. The adaption to the new standards requires more
energy expenditure as well as more raw materials and pro-
cess restriction, which goes to the opposite direction to
environmental sustainability

When comparing both categories Bla and BIb, it can
be observed that they exhibit close mechanical proper-
ties. The mechanical strength is measured in terms of
flexural strength. The range of values for compressive
strength is greater than 35 MPa for Bla and greater than
30 MPa for BIb.''*° The actual mechanical strength of
commercial porcelain tiles typically ranges between 30
and 90 MPa, which in many cases significantly exceeds
the requirements set by the standards.”® These strength
levels can be readily achieved by tiles in the BIb category.
Consequently, the BIb category has the potential to receive
additional market support, as it can be manufactured
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TABLE 1 Classification of ceramic tiles with respect to water absorption and shaping.*
Shaping Group I (¢ < 3%) Group ITa (3% < ¢ < 6%) Group IIb (6% < ¢ < 10%) Group III (¢ > 10%)
A: Extruded Group Ala (¢ < 0.5%) Group Alla-1* Group Allb-1* Group AIII
Group Alb Group Alla-2* Group Allb-2*
0.5% <& < 3%
B: Dry pressed Group Bla (¢ < 0.5%) Group Blla Group BIIb Group BIII®

Group BIb 0.5% < € < 3%)

2The groups Alla and AIIb are subdivided into two parts (parts 1 and 2) with different product requirements.
Group BIII essentially applies to glazed tiles. There is a small number of dry-pressed unglazed tiles manufactured with a water absorption of more than 10% to

which this product group does not apply.

using both “wet” and “dry” production routes. This
context also opens up a discussion about the concept of
“just-enough quality” or “sufficient quality” in product
development and engineering, emphasizing the balance
between meeting performance requirements and optimiz-
ing manufacturing processes.>? This concept emphasizes
the importance of delivering the precise level of quality
that is necessary for a product to fulfill its intended pur-
pose, without going beyond the specified requirements or
engaging in excessive engineering. The BIb category offers
a satisfactory level of quality for applications such as res-
idential construction, while also reducing environmental
impact.

An increase in the production of BIb materials would
enable the use of other sources of raw materials, as the
quality requirements are less stringent than those of Bla.
The raw materials used are obtained from sources con-
sidered non-renewable, as they are produced through
slow environmental processes and generally have limited
quantity. Given this scenario and the current growth of
industrial production, one possibility would be the use
of certain types of waste as a source of alternative raw
material for ceramic materials.*® In this way, the recycling
of industrial by-products or waste materials is seen as a
waste reduction strategy as well as a way to reduce the
environmental consequences arising from the extraction of
conventional raw materials.

Dondi et al.>* reported that in recent years, ceramic
tile production strategies in Spain and Italy have diverged
significantly. Italy has increasingly focused on porcelain
stoneware, advancing toward the production of larger sizes
and slabs. In contrast, Spain has adjusted its production
balance, significantly increasing the share of porcelain
stoneware at the expense of red-firing floor tiles. This shift
has intensified the pressure on raw material supply chains,
as both countries rely on the same sources for approxi-
mately 80% of their raw materials.* Spain, in particular,
appears more exposed to the supply of highly plastic ball
clays from Ukraine and sodic feldspar from Turkey, creat-
ing vulnerabilities due to growing competition with other
European and global ceramic producers.

To mitigate these challenges, Dondi et al.>* highlighted
several strategies:

1. Enhancing transport logistics from raw material pro-
duction centers to ceramic districts by implementing
efficient rail corridors and utilizing large-tonnage ships
to reduce costs.>® For instance, German ball clays are
widely used in Italy due to direct rail connections,
whereas raw materials from France and the UK face
higher transport costs because of road transport and
low-tonnage shipping.

2. Improving the characteristics of local raw materials
through beneficiation processes to remove impuri-
ties, such as iron and coarse particles, with several
installations already achieving positive results.*

3. Replacing natural raw materials with secondary raw
materials in alignment with Circular Economy princi-
ples. A notable example is the use of recycled glass as a
promising substitute for feldspar in fluxes.

4. Utilizing enablers and additives, such as binders and
energic fluxes, to improve process behavior and product
properties. These innovations enable the use of lower-
plasticity clays and feldspars with reduced fusibility.

According to Dondi et al.** these measures not only
address raw material supply risks but also support future
research within the framework of the Circular Economy.
By partially substituting natural raw materials with sec-
ondary alternatives and developing new ceramic batch
concepts, the industry could more effectively exploit
underutilized European deposits of ceramic raw materials,
contributing to sustainability and resilience in ceramic tile
production.

Numerous studies have been conducted over the past 20
years to achieve this goal in the ceramic industry. Based
on their findings, it can be inferred that tile and insula-
tion refractory industries possess significant potential for
cost-effective utilization of waste ingredients compared to
other ceramic industries, owing to their diverse range of
properties.37 Thus, some wastes, for example, rice husk
ash,*®* fly ash,**#! blast furnace slag,*’ polished tile
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waste,** petroleum waste,** glass waste,*> and many oth-
ers have been recognized as potential materials to reuse in
the making of different ceramics.

Due to its promising properties, flying ash is widely
regarded as the optimal waste material for the manu-
facturing of ceramic tiles. Due to its elevated alumina
content, it is a viable choice for manufacturing mullite
ceramics. This can be achieved by incorporating additional
sources of Al,O;, while maintaining the Al/Si weight
ratio at around 2.55. Gomes and Holanda*® conducted a
recent study to assess the potential of utilizing firewood
ash waste as a sustainable source of raw materials for
ceramic tiles. Gomes and Holanda*® evaluated different
formulations with firewood ash contents ranging from 0 to
10 wt.% and, consequently, from 12.5 to 2.5 wt.% of quartz
to keep the appropriate alumina content in the formula-
tion. The experiments have determined that incorporating
firewood ash waste, which is abundant in CaO and also
contains significant amounts of SiO,, Al,03, Fe,03, MgO,
and K,O, improves the composition of ceramic floor tiles
by increasing the concentration of fluxing oxides. The par-
tial substitution of quartz with firewood ash waste had a
positive impact on the technical characteristics and over-
all quality of the ceramic floor tiles. The study revealed
that substituting up to 10 wt.% of quartz with firewood
ash waste enables the manufacturing of ceramic floor tiles
with reduced water absorption (classified as Bla and BIb
groups) at lower firing temperatures.

3 | STRATEGIES BASED ON MARKET
AND SUPPLY CHAIN

Another facet of sustainability pertains to the market and
supply chain of ceramic tiles. The two Asian giants China
and India and the two largest European producers Spain
and Italy together accounted for 64.5% of global exports in
2022. Despite world exports accounting for 16.5% of produc-
tion and 16.7% of global consumption, the majority (63.4%)
of these exports were shipped within the same geographi-
cal region as their production. For instance, 80.2% of South
America’s exports remained within South America, 81.4%
of North America’s exports were sold within the NAFTA
region (United States, Mexico, and Canada), and 72.5% of
Asian exports were shipped to other Asian countries.'"*
The European Union remained a partial anomaly, as
46.9% of its exports were sold in markets outside of the
EU. This analysis is supported by the observation that
the distribution of world production and consumption
shares tends to be comparable across continents. Asia was
responsible for 73% of global production and 71% of global
consumption. Europe (EU + non-EU) accounted for 11.4%
of production and 10% of consumption. The Americas
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FIGURE 4 Population density analysis of Brazil in 2021 in
relation to the geographical location of ceramic tile manufacturing
clusters or plants.*®

contributed 9.7% to production and 11.1% to consump-
tion. Africa accounted for 6.2% of production and 7.6% of
consumption.®

In terms of export inclination among different conti-
nents or macro-regions, the European Union maintained
its position as the region with the highest export propor-
tion in 2022, accounting for 76.2% of its production.*’ The
remaining regions had significantly lower export volumes:
non-EU Europe exported 27% of its output volumes, North
America 12.7%, South America 13.2%, Asia 11%, and Africa
just 6.4%.%” The trend in import/export flows confirms the
tendency for tiles to be produced close to markets.

Ceramic tile producers are frequently situated near
areas of high population density for several reasons. This
includes the advantage of being close to the market, which
reduces transportation costs and allows for quicker deliv-
ery. Additionally, being in proximity to suppliers of raw
materials helps to minimize transportation costs and lead
times.'> For instance, Brazil is the third top producer
and consumer since 2018.° There is a noticeable correla-
tion between the presence of ceramic tile plants or clusters
and population density, as observed in Figure 4.

By minimizing the proximity to local produc-
ers/suppliers, the distance between raw material deposits,
manufacturing plants, and markets is reduced, resulting in
lower transportation costs and decreased CO, emissions.
Furthermore, according to the life cycle assessment, the
choice of raw material sources close to the factories and
the use of transport with lower environmental impacts are
fundamental, as the sourcing of raw materials is the stage
that causes the greatest impact, both on the environment
and on human health.'>?4%>° One of the top Brazilian
ceramic company has successfully implemented this

35UBO |17 SUOWILIOD SAIIERID 3ot |dde au Aq pausenob afe sajpie YO ‘asn JO S3|NJ 10y AriqiT UlUQ A3|IM UO (SUORIPUCD-PUE-SLLLIBY WD AS | 1M ARe.q 1P 1UO//SAIY) SUORIPUOD PUe SWB | 841 89S *[G202/70/80] U0 ARelqi auliuQ A3|IA YYoliqicsieseAlun BinqueH 1)sBAIuN aYdsIuye | AQ /60ST 2 I/TTTT OT/I0p/Wo0 A3 1M Afeiq 1pU1UO SO ILLRB0//SANY WO} papeo|umoq ‘0 ‘2oL, T



LOURENCO ALVES ET AL.

Applied
Ceprgmlc 70f13

NSy

\ (California

o os Angoies

T

FIGURE 5 Population density analysis of EUA in 2021 in relation to the geographical location of new factory Portobello.

strategy for its state-of-the-art decoration and end-of-line
technology facility in Baxter, Tennessee. The location
of the factory compared to population density of EUA in
2021 can be seen in Figure 5. The company has allocated
a substantial amount of US $180 million toward this
project.® Multiple approaches for achieving environmen-
tal sustainability were incorporated to enhance process
efficiency.

4 | STRATEGIES BASED ON PROCESS
EFFICIENCY

Aiming to contribute to climate-neutrality targets, sev-
eral advanced technologies may be applied to all sectors
including carbon removal technologies and offsetting mea-
sures. Figure 6 presents the main technologies deployable
in the ceramic industry to contribute to climate neutrality
targets.!b14

However, it is not yet clear how, and to what extent, these
technologies will be applied. Most of the technologies pre-
sented are future technologies or complete breakthroughs.
For these technologies to develop and to be applied, sev-
eral conditions are essential—in particular, the support of
industry regulators and more studies from academia.

Considering the case of the Baxter plant as an exam-
ple, significant feature stands outs regarding new sus-
tainable technologies, such as the continuous modular
mills (MMC) and an atomizer for mold flux production
line (ATM) spray dryer. These advanced technologies are
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Green hydrogen
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Heat pumps

Microwave assitance drying

lmlll‘

4

Low advancement Fully
available

Technological advacement status

FIGURE 6 Comparison of new technologies and
technological advancement status.!

highly efficient according to the supplier, offering signif-
icant reductions in water and energy consumption. The
multichannel horizontal with seven-tier (E7P) dryer and
a new modulated air-gas kiln named as FMA Maestro
were set up to carry out the tasks of drying and firing.
In addition, super-heated combustion air recovery system
(SPR) was integrated to guarantee low energy consump-
tion and emissions in accordance with Tennessee’s strict
atmospheric emissions regulations.>

In addition, the adopting of renewable energy sources,
such as renewable electricity, green hydrogen, green
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synthetic gas, or biofuels, will significantly decrease emis-
sions. Thus, the challenge relies on a systematic reduction
of carbon emissions in the power sector and a greater
accessibility of environmentally friendly hydrogen, syn-
thetic gas, and biofuels. Depending on the type of plant and
availability of resources options, some plants could switch
to decarbonized electricity. Alternatively, they may eventu-
ally adopt biofuels, green hydrogen, or green synthetic gas
as alternative energy sources. Given that kilns have a lifes-
pan of over 40 years and changing the fuel type requires
a significant financial investment (except when switching
from natural gas to biogas), it is crucial to carefully
consider the energy source and ensure a consistent and
affordable fuel supply. In the worldwide scenario, Brazil is
a global leader in the use and production of biofuels. Diesel
in Brazil contains 12% biodiesel, with plans to increase this
to 15% by 2026.%* Gasoline blends include approximately
27% ethanol, demonstrating the country’s significant bio-
fuel integration.”* Additionally, more than 80% of Brazil’s
electricity is sourced from renewable energy, primarily
hydropower, supplemented by wind, solar, and biomass.*

Based on this, one of the largest manufacturer of ceramic
tiles in Europe, has decided to proceed with the eCom-
bustible project, which is a new, clean energy source based
on hydrogen. This energy source has the capability to
replace natural gas without requiring any modifications
to the current plant and machinery.*>® The initial prac-
tical application of this technology can be seen in the
spray drying facility at the Onda factory. This facility is
the world’s first to carry out spray drying without any
CO, emissions, representing a significant milestone in
the gradual elimination of natural gas usage in the entire
production process. The company aims to completely tran-
sition away from natural gas by 2025 or 2026, with an
investment of €250 million.’® eCombustible employs an
electrolysis process and electromagnetic fields to convert
water into fuel using electrical energy. The resulting fuel
is tailored to specific requirements. The water undergoes
treatment in a plant where substances such as heavy met-
als are eliminated. It then proceeds to the fuel production
module, where it is divided into hydrogen and oxygen.
Every module consists of 36 cells and operates on electri-
cal pulses with precise frequencies that greatly decrease
energy usage. Subsequently, the hydrogen undergoes a
process in a magnetic reactor, wherein it is tailored to align
with the energy composition and flame properties of the
fuel it is substituting. The hydrogen and oxygen are stored
in separate tanks and later transported to the burner, where
they combine to form the final molecule of eCombustible.
The patented eCombustible process generates a fuel that
is both clean and efficient. When this fuel is burned, it
only releases water vapor, completely eliminating carbon
emissions. %1447

Reactor

Preparation,
Separation and
Recycle System

Heat Recovery
System

Heating and Cooling
Utilities
Water and Effluent
Treatment

FIGURE 7 Onion ring approach for determination of
sustainability strategies for ceramic tile processing.*

The above cases demonstrate the ceramics industry’s
commitment to reducing carbon emissions. However, in
order to achieve carbon neutrality, all factories must
migrate to renewable energy sources. To do this, the EU
industry will require approximately 50 000 terajoules of
green hydrogen, biogas, and green electricity each by
2050."" The current availability of these quantities is not
accessible to the industry, and their supply is contin-
gent upon various factors, including infrastructure and the
appropriate legal and policy framework. According to the
European Ceramic Industry Association, the investment
required to achieve carbon neutrality will significantly
increase over time, reaching €500 million by 2030 and
exceeding €1.5 billion annually by 2050.%!" Therefore,
optimizing the process is essential for cost reduction.

The kiln is responsible for over 80% of our industry’s
emissions, which are primarily caused by energy con-
sumption. The process flowchart development by Onion’s
ring approach®® illustrates the strategies for achieving
more sustainability in the ceramic tiles firing, as schema-
tized in Figure 7.

According to this process flowchart, in order to achieve
sustainability in the ceramics sector, the strategy must be
to reduce the impacts caused by the firing stage. Based
on this, alternatives are sought that directly or indirectly
influence this stage, such as the addition of a heat recov-
ery system, optimization of the heating and cooling system,
new formulations, among others. However, increasing
the efficiency of this stage presents some challenges that
need to be overcome. Table 2 shows the requires chal-
lenges involving the kiln for increase sustainability and the
parameter to be changed.

Over the past century, single firing has become the dom-
inant process in ceramic tile production, largely replacing
the traditional double-firing method.®>>” This transition
has significantly improved energy efficiency by reducing
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TABLE 2 Challenges for increase sustainability during firing ters, it is necessary to utilize specialized techniques such
in ceramic tile manufacturing and their strategy. as transformation matrices.®°

Challenge Strategy An open-source simulation framework called Dyssol

Lowering firing temperature Batch composition

Lowering firing time Particle size reduction

Improving kiln productivity and Bottleneck management

stability

Lowering flue gases flux Lowering O, in the kiln
Increasing heat recovery Refluxing heat
Lowering heat loses Insulation

the thermal energy required for firing. Furthermore, it has
expanded the possibilities for product innovation, enabling
the development of larger tile formats and a broader range
of water absorption characteristics.'**® While this work
focuses specifically on ceramic tiles, similar energy effi-
ciency challenges and product design opportunities are
encountered in other ceramic sectors, such as whiteware
and bricks. These industries face parallel demands for sus-
tainable production methods and innovative approaches to
meet evolving market and environmental requirements.
One crucial requirement to accomplish optimization
is the digitization of plants, which can yield significant
advantages in terms of process control, uniform quality,
and intelligent management of production flows. Several
advancements are being implemented, such as enhanc-
ing conventional controls (such as size, flatness, density,
edges, etc.) by incorporating process feedback mecha-
nisms (where upstream machines can automatically rec-
tify defects).”” Toward the digitalization of ceramic tiles
and establishing a digital twin for the complete manufac-
turing sequence, an integrated flowsheet process model
has been developed and utilized to simulate the porcelain
tile manufacturing process by flowsheet simulations.®
The concept of flowsheet simulation involves solving
material and energy balances numerically, as well as
determining intensive state variables for various process
structures. Flowsheet simulation tools have become widely
accepted in the field of chemical engineering for pro-
cesses involving fluids. Nevertheless, the utilization of
such instruments is still relatively uncommon for pro-
cedures that involve solid materials, particularly ceramic
powders. The development and application of tools for the
solid process were initiated only in recent years.”” One
of the reasons is the increased complexity resulting from
a more detailed description of solids, which involves the
use of multidimensional distributed parameters. Particles
can be distributed based on different property dimen-
sions, such as size, density, moisture content, and so
on. Therefore, in order to accurately compute material
streams that are described by multidimensional parame-

has been developed for performing dynamic and steady-
state flowsheet calculations of solids processes.®’ Alves
et al.' utilized Dyssol to implement semi-empirical mod-
els for the entire processing plant for porcelain tiles. The
flowsheet simulation was validated based on industrial
data Brazilian porcelain factories. The simulation results
demonstrate a strong correlation with the experimental
data, considering various compositions and processing
parameters. The simulation methodology was further
extended beyond the modeling of process behavior and
sensitivity analysis—to the energy optimization of the
entire production process.®’ Different case studies were
evaluated including the different cost productions for both
Brazilian and Spanish scenarios, which are significant as
leading global producers.®*** By keeping the final open
porosity of tiles between 4.8% and 5.1%, same firing time,
longer milling times can result in lower firing tempera-
tures to retain 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 fir-
ing times if longer milling times are used, resulting in
increased productivity for the same thermal energy con-
sumption. Increased milling times did not compromise
the overall costs in both Brazil and Spain, even though
there is an increase in electrical energy consumption. Sim-
ilarly, longer milling times can reduce the CO, emission
rate due to the reduced firing temperature.®* Figure 8
shows the results from the simulation case study (a)
comparing the production rate and CO, emissions for
different milling times and (b) comparing the costs of
the Spanish scenario and milling time for different firing
temperatures.

In another case study, Alves et al. integrated the compo-
sition data of raw materials into a simulation framework.%*
This allowed for a precise evaluation of how different
compositions affect the overall process and its resulting
CO, emission rate. The batch composition was adjusted
to achieve stable process and ensure product quality based
on the mullite content.'” Even though talc has been asso-
ciated with higher prices, this flux contributes to lowering
total production costs and CO, emissions in both Brazil-
ian and Spanish scenarios.®* Figure 9 shows the simulation
results comparing CO, emissions according to different
compositions and its influence on total costs in the Spanish
scenario.

The simulation methodology is highly relevant in deci-
sion making, even before the acquisition of raw materials
and the modification of the manufacturing sequence.
Manufacturers can evaluate the optimal raw material
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(a) Comparison between the production rate and CO, emissions for different milling times. (b) Comparison between the

costs of the Spanish scenario and milling time for different firing temperatures.®
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FIGURE 9 Analysis from flowsheet simulations (a) comparison between CO, emissions, quartz, and talc content. (b) Comparison
between CO, emissions and total costs on Spanish scenario based on different talc content.**

composition that minimizes production costs and CO,
emissions by employing simulation. Additional research is
necessary to assess the supply chain, specifically in regards
to purchase costs and the sustainability as additional emis-
sions linked to raw materials. Moreover, it is imperative
to analyze the possible consequences of modifying the
equipment and how the modifications on the process-
ing sequence influences the life cycle of the equipment.
The utilization of these tools holds promise for decision-
making models, digitalization, and the development of dig-
ital twins is essential for streamlining processes, improving
efficiency, and maintaining competitiveness. Nevertheless,
although these technologies possess significant potential,
their extensive adoption necessitates additional incentives
from the industry.

5 | CONCLUSION

The ceramic industry is dedicated to ongoing enhance-
ments in the energy efficiency of its installations in order
to decrease the overall demand for energy and consequent
CO, emissions. A comprehensive review was conducted to
address the current state of ceramic tile production and
explore strategies for reducing carbon emissions in the
ceramic industry, in line with the new climate and energy
goals in Europe. For this, a review based on three pillars
have been proposed: product, market and supply chain,
and process efficiency.

Regarding the product aspect, strategies include the
increased application of recycled material as well increase
the concept of best fit product to its application, adopting
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the concept of “sufficient quality” that highlights the sig-
nificance of providing the exact level of quality required
for a product to meet its intended purpose. In this sense,
the products from BIb category provides a commendable
standard of excellence for applications such as residential
construction, while simultaneously mitigating impacts on
the environment, without the requirement of category Bla
of porcelain tiles that demands higher energy costs.

From a market and supply chain perspective, it is
evident that local suppliers should be prioritized. Addi-
tionally, conducting an analysis of raw material purchases
can help avoid transportation costs and unnecessary emis-
sions that are unrelated to the actual manufacturing of
the product. To achieve the new European climate and
energy targets, it is crucial to adopt advanced technology
and management strategies, as well as embrace innovative
technologies. Nevertheless, the impact of these new tech-
nologies on product quality remains uncertain, requiring
additional research.

The key improving efficiency relies on optimizing sin-
tering/firing operation. While the primary barriers may be
related to finances and economics, additional obstacles can
be observed. An important obstacle is the limited under-
standing among local manufacturers regarding the adop-
tion of low-carbon processes and the lack of understanding
how the modification of process operations influence the
entire manufacturing chain. Simulations and digitaliza-
tion can be highly significant in this regard. Although
simulation approaches have been proposed as effective
tools for decision making and the development of digital
twins, it is crucial to acquire additional industry support
to progress in this direction. By providing incentives for the
implementation of these advanced simulation techniques,
the industry can discover fresh prospects for growth,
innovation, and environmentally friendly progress.
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