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Highlights

« Adigitized Life Cycle Inventory is proposed forfeiCycle Assessment studies.

» Industry 4.0 and IoT technologies offer real-timamafacturing environmental data.
* Enterprise Resource Planning and Business Intelligare used for real-time LCI.
e The real-time LCI based on ERP has been integraitirda customized LCA tool.

e A Dynamic LCA based on real-time LCI, has beeng#sh a ceramic tile factory.

» Dynamic LCA provides real-time environmental asees# of tiles manufacturing.

» Dynamic LCA data has been successfully validatdl eistatic commercial tool.

Abstract

With the advent of Industry 4.0, new technologiasehbeen made available to companies in order tttarp
integrate and trace processes through integratpthldsystems; thanks to a combination of sensodscantrol
systems, manufacturing information are collected processed so that a detailed database helpfuthéor
monitoring and continuous improvement of the prdiduc plant can be built. The potentiality of this
comprehensive data collection may be exploited &sm an environmental point of view, with the atm
enhance the sustainability of processes; in fatarge part of this data provides the basis forlilie Cycle
Inventory (LCI), the most energy and time-consunpihgse of the Life Cycle Assessment (LCA) whiclthis
way could become quicker and dynamic. Based orsa study related to an Italian ceramic tile manufzc,
the aim of this paper is to describe the architectand the application of the Dynamic LCA systeratth
integrates theEnterprise Resource Planning (ERP) system with sdooized LCA tool through a Business
Intelligence (BI) software. The model was testeddifferent levels of validation in order to verifirst the
proper functioning of the IT architecture and thle® environmental impact results provided, both static and
dynamic way. The validation processes were suagiesafid the Dynamic LCA system has proved to be a
valuable tool for the evaluation and monitoringeaiironmental impacts related to the productiorcess.

Keywords: Life Cycle Assessment (LCA), Life Cycle InventoryGl), Enterprise Resource Planning (ERP),
Industry 4.0, Business Intelligence (Bl).

1 Introduction

The Life Cycle Inventory (LCI) (Islam et al. 201& the second of the four phases of the Life Cycle
Assessment (LCA) methodology regulated by the 18040 and ISO 14044 series of international tectnica
standards (Klopffer 2012):



Goal and Scope Definition,
Life Cycle Inventory,

Life Cycle Impact Assessment,
Life Cycle Interpretation.

PoDdP

The LCI consists of the identification and quantfion of the input and output flows from the systender
analysis throughout its life in order to establisdatabase of environmental loads (Ciroth et &2020To this
end, therefore, the consumption of resources (raterals, water, recycled products), energy (théramal
electrical) and air, water and soil emissions demiified and quantified thus arriving at a realimmmental
balance sheet (Cuenca-Moyano et al. 2017). Thei€@he most delicate and challenging phase of aA LC
study because it leads to the construction of atogical model of reality that should representaesurately as
possible, all the exchanges between the indivighakes belonging to the production process (Pt al.
2019). This inventory of environmental loads shallmade by collecting input and output data fohgaocess
phase within the system boundaries and determiwimgre each phase starts and ends (Righi et al.)20h8
origin of the data can be of two types (Bhochhildhayal. 2017; Landi et al. 2020): primary sour@esen the
data are obtained directly at the production sited associated to the related process units) arwhdary
sources (when the data come from databases, litera¢stimates). In order to ensure the reliabibifythe
inventory, primary sources should be used for thpesgs of the system concerned which are direeligted to
the product/service, whereas databases for the pérthe system concerned may only be used intiirect
(Sanchez Moore et al. 2019). Like each phase of @ study, the process for conducting an LCI &ative
(Mehmeti et al. 2018). In fact, as data is colldcéad the system is better known, new data regeinésnor
limitations can be identified. This may involve bBaoge in data collection procedures so that thésgafahe
study are still met. Normally for an LCA study ofpaoduct manufacturing process, primary productiata
referring to the reference year of the study aretiig to the production reality shall be used. Eaample:
Japanese life cycle database from 1990 to 2010téCe¢ral. 2020); production data for the year 2(@é&diga et
al. 2019); time horizon of 100 years (Yoshida et28l18), 2012 as the study reference year (Rifd. &017);
2013 as the study reference year (Comodi et al6@he incoming and outgoing flows from the systeave
been referred to the year 2011(Buratti et al. 2015)

In the absence of primary production data, it isgilde to refer to average production data orditee data.
It is therefore clear that the collection of pripalata in complex manufacturing processes, congistf several
phases that exchange semi-finished products evennan-sequential way, can be a very long andcdiffi
operation that can also lead to errors and/or feneplifications (Bailey et al. 2020; Baruffaldi at 2019). It
can also occur when, within the same operationatect, the quality of the primary data differs awling to the
process phases (Renteria Gamiz et al. 2019). Fongbe, for some equipment the supplier can progata on
energy consumption in operation and in other casd¢swhich means that a manual measurement must be
carried out. It is consequently evident the rolereised by the analyst who carries out the LCA wting will
have to discretionally decide the cut-off criteiia, the principles of exclusion of inputs thag @ot significant
for the analysed system (De Feo and Ferrara 20idimjoRau 2016). This discretion of the analyst cbul
influence the final result of the environmental sapassessment (Yung et al. 2018) and make thearatne
purpose of environmental performance between altise products ineffective. This comparability isecof the
aims of the Environmental Product Declaration (ERBich is based on an LCA analysis (Strazza e2Gil6).

The complexity of the LCI (Schlegl et al. 2019)oise of the factors that makes LCA studies diffidolt
carry out within the business because it requiscislists capable of conducting the analysis, rangt
collaborative attitude of management and a facttayf able to conduct the collection of primaryalat an
effective manner (Linhares and Pereira 2017). Thiglso one of the reasons why environmental mdnio
through the LCA has not spread to the quality systef companies, especially for less structuredpaomes
such as SMEs (Heidrich and Tiwary 2013). So envirental assessment, due to the objective difficulte
data collection, is not only economically but al8me consuming and therefore it is carried out only
occasionally by companies, in particular when thisre need to obtain environmental certificatiohsis
therefore clear that the environmental assessnusfike manufacturing performance indicators, has yei
taken on the features of systematicity and peritydio be fully included in the quality managemsgstems of
production companies. The aspect of the frequerity which an environmental impact assessment shioald
carried out on a case-by-case basis is not sufflgi@ddressed in the scientific literature. Thisyes that the
analyses are mainly performed to meet a specified r&¢ a specific time, such as a research obje(itivthe



academic field) or the achievement of an envirortalecertification (in the business field). Meinkem,
Anthony and Lackner (2013) stressed some key casiedpen applying the LCA method to the real world:

i. The complexity of inventory analysis and data gtrcescan discourage widespread use of LCA, not
fully exploiting its benefits.

ii. This complexity also manifests itself in the diffity of finding primary data, which is the reason
the LCA offers the possibility to use secondaryad&bm databases to arrive at approximate
environmental assessment results.

iii. Within the very large amount of inventory inputsifpary and secondary) in the real world, only
some of these are crucial for the environmentabichpf a phase of the monitored life cycle.

iv. Over-simplified approaches to address this complexay fail to identify important aspects of the
LCA and thus produce misleading information on ainsibility.

V. Thanks to Enterprise Resource Planning Systems)(ERd&hy companies already have most of the
primary inventory data required to perform LCA.

Vi. By using real data flows from ERPs, the complexitpitations and inconsistencies of common
data in LCA inventory data can be overcome.

In the scientific literature there are some semneskarches that, in a pioneering form, have ferese
connection between ERP systems and LCA tools. $fisgpILCA tools have been developed in recent years
with the aim of reducing the time and resourcesired in LCI and LCIA phases. These tools, besiasiag
easier to use, are more adequate to support tlegration of environmental variables in the business
management processes and to promote eco-labefiitigtives (Arzoumanidis et al. 2013). In contraiste
simplified LCA tools are often not able to incorpte the methodological differences between compaaniel
industrial segments. Januschkowetz and HendricK2@91) experiment how the LCI of an automotive
supplier's electrical product can be run using 8&P W3 ERP system. The authors demonstrate that
environmental data can be integrated into ERP systenaking it easier to record and spend time wvaritory
analysis. In this research, the variable time edlato data maintenance emerges only data, whiaisésl
regularly, will be consistently maintained and ugedla The automatically performed Life Cycle Assessin
(LCA) was conducted by Moon et al. (2003) for eebmmpany. The researchers developed an LCA sadtwa
package and a database server to connect it to apmgdatabase systems including ERP. The paper
demonstrates that the automatic method, based othivicon-line data calculations, is superior to merdata
collection in terms of time and cost savings (mamth) and data reliability. Brooks et al. (2012yw that
organizations also need an integrated Sustainalbilformation System solution (Sustainability 19) dollect,
integrate, automate and monitor sustainability rimation and therefore introduce the concept of &nable
Enterprise Resource Planning (S-ERP). Based onréeft al. (2014), S-ERP systems are a holistictisol
that can help organizations to collect, process @gldser comprehensive sustainability data, integgaall
sustainability information and processes acrosibss functions. The authors themselves descriBRs as
systems that are still under development. In litid whis conclusion are De Soete et al. (2014) whmugh a
study of a pharmaceutical synthesis, have higtéiglihe possibility of simplifying the LCA by usimgimary
data that are normally sent to the PLCs (Progranemiabgic Controllers) through process equipmenttic@n
sensors. However, these data collected in produdiites and important for environmental sustaingpbil
measures, seem to be of little value for existiiRPEapplications. To solve this limitation De Soé2616)
proposes to build a custom ERP application for Li@Arder to match primary process data with Lifeclgy
Inventory databases and life cycle impact assedstoels. With a view to customizing the ERP, Hasaral.
(2017) identify a set of 63 sustainability performa indicators, 12 of which are related to envirental
performance, to be integrated into the ERP systemake the most of its informational potential.rarhework
for the operational implementation of an S-ERP esysis proposed by Chofreh et al. (2018). It proside
holistic perspective to guide decision makers towaustainable organisations and integrated or@mis in a
sustainable way.

Nowadays in the manufacturing context the low fesgry of LCA analysis is a paradox because with the
advent of the so-called Fourth Industrial Revolutar Industry 4.0 (Frank et al. 2019), multiple ltobave been
made available, also for SMEs (Dassisti et al. 201® monitor Key Performance Indicators (KPIs)thé
manufacturing phases (Perini et al. 2017), inclgdirose to collect data on material flows and epargl water
consumption (Jena et al. 2020). Usually the digiitm of manufacturing companies takes place thicihg
implementation of a MES (Manufacturing Executiorst@®yn) (Yue et al. 2019), a software that, interfgaiith
planning systems (ERP) (Borangiu et al. 2019) amwtrol systems (PLC) (Chen et al. 2017), collecid a



processes strategic information to help managemeeabntrol and improve the production of a plardactery
4.0 is a digitized system capable of collecting pratessing all the information coming from the hiaery at
every stage of the process, generating useful letyd that allows decisions to be made (Chofreth €020).
Thanks to these digital systems, it is possibléhdwe a real-time monitoring of the factory, withbatter
integration of data and processes as well as tbieagge of live information between the organizatldevel of
the company and the organizational level of marnufagy (Morgan and O’Donnell 2018). With the digita
transformation of Industry 4.0, innovation has beewen by technology, the next step pioneered bhydR
(2020), will be that of innovation driven by datadaartificial intelligence to give rise to a sodeal Industry
4.0+. Thanks to the integration of Business Irgeltice with the most innovative Artificial Intelligee
technologies, the processing, analysis and usataf cbllected in real time becomes an even fastérnaore
effective process for manufacturing companies (®bal., 2020).

Therefore, some critical issues emerge:

1. impossibility to use the life cycle assessments@blCA) for rapid corrective actions on the process
and the product, because the impact assessmertiased on data from historical series, therefore
with impact already occurred;

2. difficulties in collecting and processing data tarrg out impact assessments using traditional
techniques;

3. the need for specialized personnel for the useoairercial software for environmental impact
assessment.

Starting from these premises, this paper inten@sltvess the following research questions (RQs):

1. RQI1:Can IoT technologies and manufacturing models ftndustry 4.0, facilitate LCI for LCA
studie®

2. RQ2:Is it possible to dynamize LCA analysis by expigitthe potential of production data
collected by ERP

3. RQ3:Can digital manufacturing technologies enable raéade LCA analysi®

The rest of the paper is organized as follows. iBec2 outlines the framework of research approach
followed in study. Section 3 describes the methogwpland the results of the static Life Cycle Aspesst.
Section 3 illustrates the construction of the digigystem to make the LCA dynamic, showing the Itesu
achieved. Section 4 concludes by summarising esmldsing the contribution of this study and itsliogtions.

2 Research framework

This study aims to answer previous research questlyy developing an environmental assessment
framework that leverages Industry 4.0's digitalhtemlogies to automate inventory analysis. Thankshto
digitization of the LCI, the LCA analysis can baried out in real time and no longer based on hisab data
alone.

2.1 Case study

The development of the automated environmentalsassent framework (or Dynamic LCA system) was
carried out within the Italian ceramic industrysector organised in the form of an industrial distiocated in
the Emilia Romagna Region across the provincesadévia and Reggio Emilia, that produces ceramis tde
the building industry. It is internationally knowas the Sassuolo district, taking the name of thentérom
which, it developed from the second half of theh26entury (Settembre-Blundo et al. 2019). Todag, th
Sassuolo district has more than 90 companies thatoy more than 19 thousand people and produces 416
million square meters of tiles, equal to 81% ofiaral production (Confindustria Ceramica 2019).sT&éctor
has distinguished itself in recent years for thigdainvestments that the companies in the didtase made to
adopt digital technologies and robotics, transfagna low-tech industry into a concentrate of mechmts
(Garcia-Muifia et al. 2018). Environmental sustailitgbrepresents another of the distinctive featund the
Italian ceramic industry, which differentiatesnoin its international competitors (Ferrari et 219). There are
many initiatives undertaken over the years at thstrict level. In addition to certification actiiés and
sustainability policies developed by individual quemies, collective projects and initiatives haveerbe



implemented. Since 2012 the Emilia Romagna Regamdsigned an agreement with the association ofréera
tile manufacturers (Confindustria Ceramica) for phecessing of environmentally relevant data, whécstill in
force today. The agreement commits the Regionatesmit data on environmental parameters and emis#io
its possession each year; Confindustria Ceramigarkes them and produces the sector's Environm&sgpbrt
on the performance of its member companies (Bonivétial. 2018). The availability of data resultiingm this
agreement also made it possible to prepare thedmintal Product Declaration (EPD) for the Italizmamic
industry sector (Confindustria Ceramica 2016). Buthe high number of companies involved, this @eEPD,
is an example of best practice worldwide in thestaction industry.

In order to carry out the experimental part of theearch, a company was selected as a case sttidly in
Sassuolo district, which is among the Top 10 dfdtaceramic producers and among the Top 5 for @i
performance. The company also has fully digitizackdries according to Industry 4.0 criteria, anttsi2012
has started the systematic implementation of an BRPnow governs all operational processes imtgrated
and modular way. Thanks to the ERP, it was alsaiplesto create a single central database withoplichtion
and redundancy of data, for the efficient tracéigbdf documents and transactions. In order tonesie the
digital maturity level of the chosen company assecstudy, the IMPULS (2015) assessment tool, dpedl by
the foundation of the VDMA (German Engineering Asation) and conducted by IW Consulting (a subsidia
of the Cologne Institute for Economic Research) &ne Department of Industrial Management of the
University of Aachen, was used. The tool allowsatwalyze the manufacturing company on six dimensions
(strategy and organization, smart factory, smagrafons, smart products, data driven services,l@reps),
each of which is assigned a score calculated tiraugaturity index. The final score is the weightedrage of
the values obtained for the six factors, then tud &ssigns the result to one of six possible Evel Outsider,

1. Beginner, 2. Intermediate, 3. Experienced, 4dft 5. Top Performer. The assessment placedotinpany,
selected as a case study, at level 5 Top Perfotimes justifying the choice for the validation betdigital LCA
framework.

2.2 Ontological model

The design of the Dynamic LCA system started framndonstruction of an ontological model (Mufiozlet a
2013) able to abstract and conceptually organieekttowledge in the field of environmental assessraed
production management, combining procedures andegis already known and already available, in a new
operational combination to be verified and validatdhe first element of the ontological model i th
Conceptual Pattern shown in Figure 1. At the bdsthis scheme is theFactory' unit. The ceramic process
consists of a set of sub-processes and phases,imdgpendent of each other, which, starting from taw
materials, create semi-finished products that bélireworked in the following phases (Morales e2@lL7). The
process starts with the storage of raw materiafsing directly from the mines (clays, feldspars aaohd),
which are mixed in a batch and sent to a mill fiongdjng in water. At the end of the operation ad@6 wt%)

- liquid (33 wt%) suspension called ceramic bodyrsl is obtained. Special pumps take the slip antdtpn the
spray drier where the high pressure nebulizes #rantic body, while in countercurrent a jet of hatia
injected that makes the grinding water evaporatayring a fine and homogeneous powder, ready to be
pressed. The pressing of the spray-dried body pmsamadé&es place with hydraulic presses at a pressu4é0-

500 kg/cm. This operation gives the product the desired stz the right compactness and resistance.



Figure 1 Conceptual Pattern of the Dynamic LCA system (Seuvar elaboration on the ceramic process scheopoped

by Morales et al., 2017)
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Subsequently, using rapid hot air dryers, resithuahidity is removed from the ceramic body to preptue
manufactured product for the subsequent phaselnihg and decoration through digital printing bétinks.
Tiles are fired in continuous roller kilns, whergthtemperatures are reached (from 1200°C to 12B3RIGng
the path inside the kiln (which can reach a ler@ti00-120 m) the tiles are first heated up to reximum
firing temperature and, after a specified stayhet temperature, are progressively cooled downir@uiiring
the product undergoes reactions and chemical-phlysiansformations necessary to obtain a mechawical
resistant structure. The last stage of the produocfirocess is the sorting and packaging, which these
objectives: the elimination of defective parts, thieision into first and second quality and the yimg into
homogeneous lots by tone.

The combination of traditional production technaézg such as those described above, with innovaties
such as sensors and tools for monitoring and amgyzroduction data, can turn the plant into a $rfaotory
(Garcia-Muifia et al. 2018). Intelligent and intamnected sensors and PLCs, inserted in the produlities,
collect data that are potentially useful not ordy production control but also for LCI. Howeveristlilata can
be transformed into knowledge through an MES sydteahimproves data and provides useful informatimn
make the right decisions at the right time. Withiew to implementing the LCI, MES software is aisaial
tool because it represents the convergence pointdnous data sources, as it can be directly cotexdeto
production equipment and can also record informagiotered manually by the operators. Furthermarerder
to fulfil their mission, MES systems must integrati¢h the company's ERP, thus acting as a commtiaica
link between the decision-making and productiorelevThanks to this link, the ERP can become thstmo
effective tool to accurately and quickly perforne thCl preparatory to LCA. This 4.0 factory architee for
dynamic data collection, combined with the LCA toptoperly customized for the specific industrigbtem,
forms the Dynamic LCA system.

From a methodological point of view, the approacbppsed by Lemke and tatusiska (2013) for the
verification and validation of a modeling procesaswollowed. On this basis, an ontological moded haen
drawn, as represented in Figure 2. It is a fornggdreésentation of the conceptualization of a donwin
information that is reusable and shareable in otbelities. The proposed ontological model consistshe
following elements:

» reference domairreal world of manufacturing;



« conceptselements that have the similar properties [LCAlt®@ynamic LCA system, ERP-Based
LCl and Factory 4.0 as Real World];

e hierarchy between conceptsith top-down approach from general to particy{@) LCA tool, (2)
Dynamic LCA system, (3xRP-Based LCI, (4) Factory 4.0 as Real World];

« relations between conceptsonceptual validation, eco-design, system vabaatexperimentation,
operational validation, implementation.

The purpose of the ontological model is to lay libgical basis to dynamize LCI operations, and ther f
elements described above will serve, from an omavalt point of view, to integrate ERP and LCA irder to
automate the collection of quantitative data.

Following the Ontological Model in Figure 2, bothet Conceptual Pattern shown in Figure 1 and the
Dynamic LCA system realized in an operational emwvinent have been validated by comparison with the
results obtained from SimaPro software and throughdriple validation (conceptual, system and apenal),
described in detail in Section 4. The LCA toolfie basis for the operational development of thedbyin LCA
system, both of which are based on the LCI develdpmEn the data available in the ERP. The LCA Twak
built by designing a custom calculation code foe thpecific process, based on a spreadsheet. For the
customization of the LCA spreadsheet, the stantioimt were the results of a detailed LCA study régab in
Section 3.1, traditionally conducted through then&Pro 8.5.2.2 software (PRé, 2020). For the desighe
Dynamic LCA system, the first step was the tripldidation: one conceptual (on the right in therglke of
Figure 2) one related to the system (at the bastheotriangle) and the other operational (on thi¢ in the
triangle), to answer the question whether the ogiohl model as a whole adequately representsetilenorid
of the factory and whether it is able to provideust and reliable impact assessment results. ticpkar, the
conceptual validation was carried out using the @h@d an eco-design tool to study three differeatipction
scenarios in which the raw material supply systeams shanged, in order to verify its predictive calitids. The
system validation was conducted to demonstratevitidity of the Dynamic LCA system in terms of both
proper functioning of the IT architecture and aecyrof the results, in accordance with those obthinith the
LCA commercial software; the operational validatisas carried out to effectively ensure the dynaméponse
of the system in a real-time monitoring.

Figure 2 Ontological Model for Dynamic LCA system (Souroerr elaboration on the verification and validatsmneme
proposed by Lemke and Latugska 2013)
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3 Methodology

The Life Cycle Assessment at the basis of the ptegady has been conducted according to the |1S@d.4nd
ISO 14044 standards, adopting a cradle to graveoapp; the case study and the results are desdrilibd
following section.

3.1 Detailed LCA study

In order to establish how to dynamize the inventangalysis by integrating it into the company ERP, a
detailed LCA study was conducted adopting the ctir@pproach of using historical data, i.e. when the
environmental damage has already occurred. Thissctive approach has already been used in m@dy L
case studies in the most recent scientific litestBuyle et al. (2019) assume that trends in hisibdata are
representative of future situations; other authmage used data collected in laboratory-scale (De&lget al.
2019); Buyle et al. (2018) used data provided bigeptstudies; Milovanoff et al. (2018) assessed the
environmental performance over a period of timel@22014); Nemecek et al. (2016) and Askham (20a%¢d
their studies on retrospective data.

The objective of this study was to assess the enmiental impacts of the company's production ofeyia
porcelain stoneware tiles (Ferrari et al. 2019jhi@a 2017 reference year. The functional unit wasahnual
production of tiles and the boundaries of the syst®ver the entire life cycle, from the extractiohraw
materials to the end of life. The production cyeles analyzed and divided into its specific phasesrder to
better identify and describe each manufacturing;stiee process diagram used as a basis for mamtal d
collection in the production departments, is shawrrigure 3. Subsequently, a comprehensive masmobal
was performed to quantify all inputs and outputseiis of material and energy for each manufacgupimase.
Most of the data used are primary data; in padiculata related to the quantity of tiles produdbd, mass of
the ceramic body, water and energy consumptionssaris and waste were provided by the companyhdn t
absence of primary data, they were estimated @ntédom literature. The Ecoinvent 3.4 database (\&teet al.
2016) was taken as reference especially for backgt@rocesses referred to raw materials, transpesgies;
the processes not included in the database weatedr@ad hoc, such as end-of-life processes or meidbs
(Steubing et al. 2016). Some of the most relevifatclycle inventory data related to the analyzestey and
referred to 1 rhof porcelain stoneware tile. are reported in Tdble

Figure 3 Flow chart related to the life cycle of the tiles
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Table 1 Inventory data related to the production ofIorhglazed porcelain stoneware tiles

» Fired scraps | ................ »

CATEGORY COMPONENT VALUE UNIT
Extra-EU Clay 18-30 %
Extra-EU Na-feldspar 20-35 %
EU Clay 5-15 %
. . National K-feldspar 5-10 %
Materials 1/ (slip) National Sand " 5-10 %
Water 20-30 %
Fluidizer 0-2 %
TOTAL 100 %
Glaze and engobe 45-55 %
. . Grit 0.5-15 %
ety 929
Water 45-55 %
TOTAL 100 %
Electricity from grid 2.04 %
Energies Electricity from cogeneration 11.61 %
Thermal energy 86.35 %
TOTAL 100 %
Particulates 68.52 %
Atmospheric emissions Lead_ 0.07 %
Fluorine 1.13 %
Volatile Organic Compounds 3.80 %




Aldehydes 3.33 %

Nitrogen oxides 16.04 %
Carbon oxides 7.12 %
TOTAL 100 %
Extra-EU Clay (road+sea) 40.13 tkn¥/m
Extra-EU Na-feldspar (road+sea) 38.21 tkrh/m

Transports EU Clay (road+rail) 4.045 tkm/m
National K-feldspar (road+sea) 1.437 tkri/m
National Sand (road+sea) 3.852 tkri/m
Raw waste reused (from internal proc.) 059 |

. % on raw

Ceramic waste/scraps Raw waste reused (from external proc.) 0.93 mat.

Fired scraps 0.78

The entire process was modelled by using SimaPs®.2. (PRé, 2020); the system is based on the
“Allocation at the point of substitution (APOSjiodel that follows the attributional approach ihieh burdens
are attributed proportionally to the specific preses (Saade et al. 2019). The assessment methbdousbe
environmental analysis is IMPACT 2002+ (Jollietagt 2003); this method proposes two different apphes
for the environmental assessment that look at rdiffe stages along the cause-effect chain. The wiid-p
approach considers the impacts earlier in the eafiset in terms of impact categories while the -oiht
approach refers to the final effects in terms ahdge categories such as Human Health, EcosysteiiityQua
Climate Change and Resources. In addition, it ssijide to express the results with a single agdeelgscore,
useful especially for the comparison. In order @kmthe method more comprehensive and representdtihe
studied system, it has been modified by the rekegroup, by adding for example further categories take
into account the impact of indoor and local emissiPini et al. 2014).

The results of the LCA analysis related to 4ahglazed porcelain stoneware tile are reporte@iahle 2 in
terms of Single Score, both for each process stebim aggregate form by identifying three macropgisas
sourcing, manufacturing, distribution-installatioee-end of life, in a cradle-to-grave life cyclegpective. It
should be noted that the negative value relatetihtenergy” is due to the fact that, in a first anayshe
electricity consumption has been overestimateddmgiclering the rated power of the machineries;ribgative
value corrects the electricity consumption accaydimthe IPPC (Integrated Pollution Prevention &aahtrol).
The results of the Single Score analysis highligiiatt the total damage is 5.56%°L@t for 1 nf of glazed
porcelain stoneware tile. In particular:

» the sourcing of raw materials for the ceramic badthe most impactful phase (25.5 %) followed
by installation (14.8%), tiles distribution (13.4%)ring (12.3%), use (8.4%) and spray-drying
(5.9%). The other processes account for less thign 5

» the most relevant contribution in terms of damagtegory is due to Human Health (34.5%),
especially for nitrogen oxides emitted in air dgritie transport by barge of the raw materials for
the ceramic body. Resources damage category i®dond place (30.9%) mainly due to the
consumption of natural gas during firing, followbg Climate Change damage category (25.4%)
especially for the carbon dioxide emissions inaiused by the transport by barge of the raw
materials. For Ecosystem Quality (7.16%), the eimissdue to transports for the distribution of the
tiles are mainly responsible for the damage whilebibbth Human Health Local (2.15%) and Indoor
(<1%) categories, the emissions of aromatic hydtmmas during firing (respectively at a local and
indoor scale) mostly contribute to the damage.

It can be concluded that the supply of the raw nwtefor the ceramic body is responsible for thaim
impacts, due to both distances and means of transperefore, in order to reduce the environmehtatlens, a
careful selection of the raw materials and a préaonotf the use of local ones can play a very imgartrole.
Moreover, among the manufacturing processes witfengates of the company, the firing and sprayrdyyre
the most harmful stages. Single Score results is@aged in Figure 4. The results obtained areesgmtative
of the company's reference production of glazedcglam stoneware tiles and form the basis for the
development of the customised LCA tool.



Table 2 Single Score results related to the life cyclé off of porcelain stoneware tiles

SOURCING
Human Ecosystem Climate Resources Human Health Human Health Total
Stages Health Quality Change Indoor Local Damage
[Pt] [Pt] [Pt] [Pt] [Pt] [Pt] [Pt]
Bodyraw g 30E 04  949E-05 ~ 3.45E-04  3.44E04  8.14E-14  5.08E-07  1.42E-03
materials
Clazesraw ) n3r 04 141E05  5.47E05  5.64E-05 - - 2.29E-04
materials
Total Sourcing  7.36E-04 1.09E-04 4.00E-04 4.01E-04 8.14E-14 5.08E-07 1.65E-03
MANUFACTURING
Human Ecosystem Climate Resources Human Health Human Health Total
Stages Health Quality Change Indoor Local Damage
[Pt] [Pt] [Pt] [Pt] [Pt] [Pt] [Pt]
Body milling 2.47E-05 1.97E-06 4.49E-05 5.24E-05 3.02E-13 1.88E-06 1.26E-04
Spray-drying  6.52E-05 3.35E-06 6.89E-05 1.78E-04 1.91E-12 1.19E-05 3.27E-04
Glazes milling  2.74E-06 2.51E-07 4.38E-06 5.17E-06 1.09E-13 6.83E-07 1.32E-05
Tiles pressing  6.05E-05 4.43E-06 5.08E-05 5.91E-05 4 55E-12 2.84E-05 2.03E-04
Tiles drying 1.42E-05 9.04E-07 7.34E-05 8.93E-05 - - 1.78E-04
Tiles glazing ~ 1.38E-05 1.23E-06 2.08E-05 2.45E-05 2.17E-13 1.35E-06 6.18E-05
Tiles firing 1.41E-04 7.01E-06 8.04E-05 3.79E-04 1.20E-11 7.48E-05 6.83E-04
Internal storag  1.83E-06 1.80E-07 2.34E-06 2.71E-06 - - 7.06E-06
Tiles cutting 1.97E-07 1.97E-08 2.04E-07 2.36E-07 - - 6.56E-07
Tiles squaring  4.78E-06 5.46E-07 7.80E-06 9.17E-06 - - 2.23E-05
Tiles lapping  3.69E-07 4.19E-08 7.33E-07 8.66E-07 - - 2.01E-06
Tiles sorting 2.28E-05 2.48E-05 1.83E-05 2.22E-05 1.07E-15 1.34E-08 8.81E-05
Tiles packagini  3.38E-05 1.76E-06 1.70E-05 3.57E-05 - - 8.83E-05
General 1.72E-05 2.55E-06 2.15E-05 2.57E-05 - - 6.70E-05
Factory
(buildingand  1.18E-05 1.84E-06 4.36E-06 3.33E-06 - - 2.13E-05
land)
Outdoor storag  6.02E-06 2.73E-07 2.06E-06 2.08E-06 - - 1.04E-05
A energy -5.92E-06 -5.61E-07 -1.53E-05 -1.82E-05 - - -4.00E-05
" Toal 4 16E-04  506E-05  4.03E-04  871E-04  191E-11  119E-04  1.86E-03
anufacturing
DISTRIBUTION, INSTALLATION, USE AND END OF LIFE
Human Ecosystem Climate Resources Human Health Human Health Total
Stages Health Quality Change Indoor Local Damage
[Pt] [Pt] [Pt] [Pt] [Pt] [Pt] [Pt]




Tiles

distribution 2.42E-04 9.60E-05 1.94E-04 2.11E-04 - - 7.43E-04
instT;'”e;ion 3.06E-04  5.72E-05  3.09E-04  1.50E-04 - - 8.23E-04
Tiles use 2.02E-04 8.02E-05 1.04E-04 7.92E-05 - - 4.65E-04
End of life 1.44E-05 5.22E-06 1.62E-06 5.17E-06 - - 2.64E-05
Total
(DISUOUNON. 765604 230E-04  G.0BE-04  4.46E-04 - . 2.06E-03
and end of life
TOTAL 1.92E-03 3.98E-04 1.41E-03 1.72E-03 1.92E-11 1.20E-04 5.56E-03
Figure 4 Single Score results related to the life cyclé aff of porcelain stoneware tiles
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3.2 Design of a customized LCA tool

The starting point for the design of a customiz&hALtool was a detailed analysis and selection efrttost
relevant process variables conducted thanks to tahuwollaboration between the company and LCA
practitioners. First of all, following the same ustiure shown in Figure 3, a spreadsheet was dese)op
maintaining the separation between each life cptiase in order to both facilitate the selectiorthaf most
relevant variables for every stage and keep thiedsiglevel of detail. The selection of the varialikethe most
complex but also interesting step of the processdififierent aspects should be kept in mind wherndileg how
many and which variables to consider. In fact, ehile number and the type of variables should bb that
the company can effectively collect and measurmtakk to make the spreadsheet applicable and ysefuider
range of variables can provide more scenarios avitigher level of detail. Therefore, it is impoitan strike a
balance between the accuracy of the study andshkility of the tool, without losing informatiom laddition,
it should be noted that, if the spreadsheet isgdesi with the highest level of detail achievahiés possible at
a later stage to decide to aggregate some variables fix them, if it is not interesting to modithem. The
initial high level of detail allows for subsequesitmplifications. Once the variables were selectbd, system
modelled within the software was reported in andbspreadsheet so that the environmental resultsnatile
from this tool depend on the value of the variahbifethe value of a variable changes with respedhe original
one considered in the software assessment (i.eanfwnt of a raw material), the relative damagengha
proportionally, according to the following equation

Damagevariso
Damagevarin T —— * Valuevarin
vary
where:
Damage,,,s:: environmental damage related to variable 1 imtoelified scenario (S1);
Damagemrlso: environmental damage related to variable 1 iroifiginal scenario (S0);

Valuemrlso: value related to variable 1 in the original sa@néS0);
Value,, s:: value related to variable 1 in the modified scaneS1).
1

The LCA spreadsheet provides the environmentaltsebath in terms of damage categories and of singbre
to allow a better comparison of processes. It shdid pointed out that the development of a spresdsh
requires deep expertise in the field of life cyaksessment and the involvement of LCA expertstodesign
and customization. Moreover, the assistance of lpEdctitioners is of paramount importance for emgyra
proper use of the tool by the company and indispielesespecially in case of some changes in theepspsuch
as the implementation of new production technokgie materials that cannot be foreseen during dségd
phase. With this customized LCA tool, starting frarstatic assessment performed with the softwars, i
possible to conduct LCA analyses by modifying, éaample, the variables of interest from the perspeof
an eco-design approach; furthermore, if the vaembhre constantly collected during the manufaggurin
activities, this LCA tool is also useful to dynailiy monitor the sustainability aspects of prodoicti

3.3 Design of an ERP-based LCI module

The customized LCA tool collects all the selectadables referred to the inventory analysis ofdghalyzed
system modifiable according to the parameters oiclwthe environmental assessment is based. Thésation
automate LCI through digital technologies, using tompany's ERP as a primary raw data source. gjoosu
the transition to the Industry 4.0 paradigm (Byivs&i et al. 2020), the company decided to replaseoid
management system (AS400) with an ERP integratiedniation system (SAP). AS/400 launched in 1988 by
IBM was an integrated system consisting of a hardwWAS/400), an operating system (OS/400) and eaip
with many basic functions including a database raitional management software is used to manage an
collect information from a suite of business apgtiiens (accounting, production, sales, salariestand-alone
configuration (Pati and Veluri, 2017). An ERP istead a component of the management software ithatta
integrate organizational and information flows. Epplications, therefore, share the same techaichitecture
and especially the same database and data defsitlaformation in a single place and format metag



organizations no longer need to collect data frouitiple systems and to translate them into a sifyl@at and
meaning (Costa et al. 2016). This integrated apptio architecture and the sharing of the samebdatis of
fundamental importance for a more effective usedftechnologies and for the implementation of Istay 4.0
models in manufacturing realities thanks to thedibéctional dialogue between machine and production
management activated (Rojko 2017).

The ERP database therefore contains most of theapyiraw data to carry out the LCI and LCA. The
system performs the analysis of business costsllmasboth analytical and industrial accounting mexfig to the
logic of cost centers (Koupaei et al. 2016). Eamst ¢s classified within a specific company arehjol in the
factory usually corresponds to a production depantmin the specific case the cost centers reptiegethe
main stages of the ceramic process, are:

Raw materials (1); Plant general (2); Body milliugd spray drying preparation (3); Glazes preparguo;
Pressing, drying, glazing and decoration (5); Kir(6); Cutting, squaring and lapping (7); Qualityeck and
packing (8); AGVs and Parking (9).

The next step was the integration of the customlz84 tool based on the process illustrated in Fég8r
with the logical structure of the cost centers dmclv the ERP database is based. The integratioansgh
represented in Table 3, indicates that there iexact one-to-one correspondence between the elargent
manufacturing units that were used for the LCI, #r@lERP cost centers. In some cases, an aggnedatiis
1, 2, 3,5, 7, 8 and 9) is required when switchimghe cost center logic. It is possible to coneldbdat the
transition from the current retrospective way dligng the LCI to the dynamic and digitized onestapply a
criterion to group and reduce the elementary doitslata collection, from 19 to 9.

In addition, some of the data available on the BR& used for the LCI are listed in Table 4, in teohdata
categories.

Table 3 Data categories available on the ERP and LCI elt&angnnits

N° ERP COST CENTERS LCI ELEMENTARY UNITS
. Raw materials - ceramic body
1 Raw materials -
Raw materials - glaze
General
2 Plant general Factory
A energy
Body milling + Body milling
Spray drying preparation Spray drying
4 Glazes preparation Glaze milling
Pressing + Drying + Pre;smg
5 Glazing + Decoration Drying
Glazing (including decoration)
6 Firing Firing
Cutting
7 Cutting + Squaring + Lapping Squaring
Lapping
: . Sorting
8 Quality check + Packing Packing
: Internal Storage
9 AGVs - Parking Outdoor Storage

Table 4LCI data available on the ERP for the L&I,terms of data categories

1. PLANTS EQUIPMENTS N° LINE USE LIFE CYCLE TOTAL MASS

Production steps for the Industrial cogeneration n° h/time hours ton

spray-dried body Spray-dried body preparation n° hftime hours ton



powder Spray-dried body colouring n° h/time hours ton
Tiles pressing and drying n° h/time hours ton
Glazes and inks preparation  n° h/time hours ton
Glazing lines n° h/time hours ton
Production steps for the Digital printers n° h/time hours ton
ceramic tiles Kilns n° h/time hours ton
Cutting, grinding and lapping  n° h/time hours ton
Sorting lines n° h/time hours ton
Cg\lﬁlégutomatic Guided ° h/time hours ton
2. OUTPUT PRODUCTION QUANTITY 3. OUTPUT FOR SALE  QUANTITY
Spray-dried body powder ton Spray-dried body powder ton
Cogenerate electric energy kWh Cogenerate electric energy kWh
Ceramic tiles: total v
Ceramic tiles: rectified nt
Ceramic tiles: rectified + polished n
Ceramic tiles: cut + rectified + polished m?
TRANSPORT
4. MATERIALS & AUXILIARIES QUANTITY
LORRY  TRAIN BARGE
Clays ton km km km
Feldspar ton km km km
Sands ton km km km
Ceramic body raw Milling water (aqueduct) ton km km km
material Milling water (from recycling) ton km km km
Pigments ton km km km
Fluidifier ton km km km
Raw waste ton km km km
Ceramic glazes ton km km km
Decoration raw Ceramic engobes ton km km km
material Digital inks ton km km km
Milling water (agueduct) ton km km km
o ] Alumina spheres ton km km km
Grinding media
Pebbles ton km km km
5. ENERGY SOURCES ELECTRICITY NATURAL GAS
Production steps  Industrial cogeneration - Nn?
Lorir(:gigg;ay- Spray-dried body preparation kWh Nm
powder Spray-dried body colouring kWh -
Tiles pressing and drying kWh Nm
Production steps  Glazes and inks preparation kWh -
for the ceramic o
tiles Glazing lines kWh -
Digital printers kWh -



Kilns kwWh N

Cutting, squaring and lapping kWh -

Sorting & packaging lines kWh -

AGVs (Automatic Guided Vehicles) kWh -

6. WASTE QUANTITY 7. ATMOSPHERIC EMISSIONS
Raw waste ton FILTERS FLOW CONCENTRATION
RATE
Fired scraps ton Particulates Nm/h mg/Nm
Filter sludge ton Lead Nnt/h mg/Nni
Water waste ton Fluorine Nm/h mg/Nm
\I/:’vr;)s(:gction Metal waste ton \égﬁg.e(\?gggc Nnt/h mg/Nn

Paper waste ton Aldehydes Nn/h mg/Nm
Plastic waste ton Nitrogen oxides Nnt/h mg/Nni
Wood waste ton Carbon oxides Nn/h mg/Nm
Lubricating oil ton
Powders waste ton

3.4 Connection of ERP-based LCI module with the ciismized LCA tool

The connection between the customized LCA toolthrdERP-based LCI module, was made with Business
Intelligence (BI) software. In general, Businesgliigence systems deal with the analysis and [@sing of
data coming from different sources, in order tmgfarm them into significant information for theganizations
(Bordeleau et al. 2020). In addition, Businesslligience also performs the task, not only to preche data,
but also to take care of their representation ¢difate their understanding by the entire comptaam so that
they can be used as a decision-making tool. ERHopta and Business Intelligence system are strongly
complementary elements that together can give angtsupport to optimize internal processes and orgr
business results (Zabukovsek et al. 2020). Insitémario, the ERP operates classically as a traomsaksystem
that holds a large amount of data on process aathdial performance. This data serves as inputedtisiness
Intelligence functions that transform it into udaéfformation for making both tactical and stratedecisions.

In this research the technological node to be weiled was the integration of the data source (Ejem)
with the environmental assessment tool (LCA tobi)fact, a continuous data flow between the finstl &he
second must be ensured, which is organized in auglly as to convey the data used for LCA analyigishis
end, the Business Artificial Intelligence softwagsociated with the SAP™ ERP, SAP BusinessObjects®',
been used as an integration mode (Friedl and P2d20). Business Objects acts as a live connectwden
the objects defined within SAP universes and thérenmental impact calculation system based on xreE
spreadsheet, providing interactive and secure adoedata stored in SAP without the need to ext@apy or
move data manually. The connection layout, reptasgthe Dynamic LCA system, is shown in Figure 5.

Figure 5 Business intelligence-based connection system leet&&P-LCl and LCA tool to build Dynamic LCA system



DYNAMIC LCA SYSTEM

ERP-BASED LCI LCA TOOL

1
PLANT
EQUIPMENTS

i
SELECTION
OF
VARIABLES

2
OUTPUT
PRODUCTION

3
OUTPUT
FOR SALE

4
MATERIALS
&

AUXILIARIES
3
ENERGY
SOURCES

4.Results
4.1 Conceptual validation by eco-design

According to Sargent (2015) the conceptual valatatdf the LCA tool is aimed at determining that the
assumptions underlying the model are correct aatlitncan represent reality. In order to verify tmedel's
ability to represent reality, the eco-design apphoaas used to define two alternative productienados to
the current one. Eco-design is the way to incotgoeaivironmental criteria in the design and develept of a
product, seeking to take preventive measures Wwéhatm of reducing environmental impacts at différgages
of its life cycle, from production to disposal (Ngas et al. 2017). In this way, the environmengaitdr is
considered as another requirement of the produwttvath the same importance as other factors suatosss
safety or quality. The most effective eco-desigrthodology is the life cycle assessment (LCA), hosveits
complexity (and cost) due to the need to acquile af primary data on materials, technologies protesses
related to all phases of the life cycle, hindeveider adoption of this approach. In response to thiticality, the
present study wanted to experiment the LCA tool,amdy as a tool for monitoring the production pees, but
also as a way to apply the Life Cycle Thinking pijate in product innovation (McAloone and Pigos2018)

The detailed LCA analysis discussed in Sectionshbwed that the main cause of the environmentahan
during the whole life cycle of the ceramic prodigtdue to the ceramic body raw material supply esyst
(25.5%), in particular caused by transport. Theeférom an eco-design perspective, the main obetas to
significantly reduce the quantity of raw materiatgported from extra-EU countries for which trandpisran
environmental criticality. Table 5 shows the foratidns of the considered ceramic bodies. The coitipo®
0 is representative of a typical porcelain stonewssdy currently produced (Dondi et al. 2014) whbeeraw
materials imported from extra-EU countries (whielpnesent 70% of the total) have the function ofngj\the
ceramic body a high plasticity (illitic-caolinitiday) and good meltability (sodium feldspar). Teenaining part
of the body is made up of illitic-caolinitic clayoin Germany, potash feldspar and feldspar sandy bbt
national origin. With respect to the criteria olvennmental sustainability, which penalizes factsugh as the
distance from the source of supply (e.g. non-EU) te type of transport, raw materials, considereksser
impact, have been indicated as "eco-raw materidis"prder to proceed with the formulation of new
compositions. In fact, two alternative compositiomave been formulated to improve the environmental
performance of the ceramic product. The B 1 contjpwsiforesees a significant reduction of extra-Beyc
(20%) to the advantage of European clay from Geyn(@0%), in addition to the introduction of a nat#



kaolinitic clay (15%). Similarly, extra -EU sodiufaldspar has also been reduced (30%), partialllacam it
with national potassium feldspar (10%). The B 2 position, on the other hand, has undergone a tadica
change: extra-EU clay has been eliminated andceglhy European clay (29%) and national clay (3G®hjle
extra-EU sodium feldspar (20%) has been parti@placed by national potassium feldspar (11%). ltitaoh,
national sand has been replaced by another typ@ agtional, but coming from a mining processeafycling
waste from other mining operations (10%). With tbjgeration, the quantity of eco-raw materials iases
from 30% (composition B 0) to 80% (composition B 3)

Table 5 Composition of the ceramic bodies studied

BODY COMPOSITION BO Bl B2
Extra-EU clay 30% 20% 0%
RAW MATERIALS
Extra-EU Na-feldspar 40% 30% 20%
EU Clay 10% 20% 29%
National Clay 0% 15% 30%
ECO-RAW MATERIALS National K-feldspar 10% 10% 11%
National Sand 10% 5% 0%
Recycled National Sand 0% 0% 10%
TOTAL ECO-RAW MATERIALS 30% 50% 80%

The LCA tool has therefore been tested to pretiieteénvironmental properties of the three diffefsody
compositions described above, assuming that thditbtmms of manufacture, installation and use of fiheshed
product will not change. The only variables modifieere therefore those related to the distancee@fraw
material sources from the production unit and tla@dport system: ship, train and truck. The resofitthe
comparative LCA analysis, reported in Table 6 dijeahow that the employment of eco-raw materials
significantly reduce the environmental impact. Rbe sourcing phase, the total environmental damage
decreases from 1.65x¥®t (Points) for the B 0 composition to 1.40%1®x for the B 1 composition to 1.08x10
% pt for the B 2 composition. Climate change dameagegory evaluates the impact on the climate chamge
terms of kilograms of carbon dioxide equivalent (4@, eq), using carbon dioxide as a reference substdinee.
results, listed in Table 6, shows how a well-coesd selection of raw materials from mines closéhiotile
manufacturing plant and more environmentally frigrtdansport systems significantly improve £€é€missions
into the atmosphere. In fact, it goes from 3.9604, eq B 0 composition to 2.56 kg G@q for B 2 one
(considering only the sourcing phase). Therefdnes ¢€co-design test shows that the LCA tool isaklét to
predict different design scenarios that anticighte environmental performance of the finished pobdu real
world.

Table 6 Total damage in terms of single score and Climagmge results related to the sourcing of & bheeramic tile for
the three body compositions

TOTAL DAMAGE CLIMATE CHANGE
SOURCING
[Pt] [kg CO; eq]
BO 1.65x10° 3.96
B1 1.40x10° 3.33

B2 1.08x10° 2.56




4.2 System validation

The phase of the system validation is finalizededfy if the model analyzed conceptually, corrasg® to
what was in the intentions for the description loé treal world (Adamczak et al. 2018). In this cdse
validation was performed considering a double lesklverification; the preliminary goal was to tebte
responsiveness of the Dynamic LCA system in termproper functioning which means verifying whethiee t
IT architecture was able to provide the LCI dakenks to the Business Intelligence systems, arabi@ctly
connect the ERP platform with the LCA tool. Aftends, the results obtained by the Dynamic LCA system
were compared with the results provided by SimgPiRé code 8.5.2.2) in order to ensure that no tzlon
errors inherent in the tool occurred. For the systalidation, the Dynamic LCA system was testedhwit
reference to the annual production of ceramic {{®l7 reference year) with the aim to comparerésailts
with those obtained by the software and showedeicti® 3.3. During this validation, in practicatrtes, the
ERP platform provided the LCI data related to thlected period of production thanks to a databaseyg then
the Business Intelligent systems collected allitfiermation and transferred them to the LCA tooliathfinally
showed the environmental impact assessment results.

The test brought satisfactory results as the Dyodr@iA system was able to access the LCI data fitwen t
ERP platform and connect them correctly to the L@Al; moreover, the obtained results matched those
provided by the SimaPro calculation code so théegywvalidation was successful in both levels offigation.

The results of the Dynamic LCA system are showetable 7, following the structure of the ERP castters.

Table 7 Single Score results obtained from the Dynamic Lsyétem

Human Ecosystem Climate Resources Human health Human health Total
Stages Health Quality Change indoor local Damage
[P1] [P1] [P1] [P1] [P1] [P1] [P1]
Raw materials 7.36E-04 1.09E-04 4.00E-04 4.01E-04 8.14E-14 5.08E- 1.65E-03
Plant general 2,31E-05 3,83E-06 1,06E-05 1,08E-05 - - 4,84E-05
Body milling
+ Spray
drying 9.00E-05 5.32E-06 1.14E-04 2.30E-04 2.22E-12 1.08E- 4.53E-04
preparation
Glazes 5
. 2.74E-06 2.51E-07 4.38E-06 5.17E-06 1.09E-13 6.8B8E- 1.32E-05
preparation
Pressing +
Drying +
. 8.85E-05 6.56E-06 1.45E-04 1.73E-04 4.77E-12 2.095E- 4.43E-04
Glazing +
Decoration
Firing 1.41E-04 7.01E-06 8.04E-05 3.79E-04 1.20E-11 7.48E-05 6.83E-04
Cutting +
Squaring + 5.34E-06 6.07E-07 8.73E-06 1.03E-05 - - 2.50E-05
Lapping
Quality check g oo o5 2.65E-05 3.53E-05 5.79E-05 1.07E-15 1G8E-  1.76E-04
+ Packing
AGV.S - 7,86E-06 4,53E-07 4,40E-06 4,79E-06 - - 1,75E-05
Parking
Factory 1.18E-05 1.84E-06 4.36E-06 3.33E-06 - - 3BE-05
A energy -5.92E-06 -5.61E-07 -1.53E-05 -1.82E-05 - - -4.00E-05
Distribution 2.42E-04 9.60E-05 1.94E-04 2.11E-04 - - 7.43E-04
Installation 3.06E-04 5.72E-05 3.09E-04 1.50E-04 - - 8.23E-04
Use 2.02E-04 8.02E-05 1.04E-04 7.92E-05 - - 4.65E-0
End of life 1.44E-05 5.22E-06 1.62E-06 5.17E-06 - - 2.64E-05

TOTAL 1.92E-03 3.98E-04 1.41E-03 1.72E-03 1.92E-11 20E-04 5.56E-03




4.3 Operational validation

The level of reliability achieved by the Dynamic ACsystem, in terms of adherence between the
environmental impact values determined with it #mase obtained with the commercial software, wagied
by means of an appropriate validation process 3argt al. 2016). Nevertheless, the system vatidatvas
carried with a retrospective environmental assessime the production of the 2017 reference yearsmdot
with a dynamic approach. In order to effectivelyndgnize the assessment, the month was selectetessnce
time unit and the Dynamic LCA system was testechwitnarrower time horizon. The choice to consider a
month and not a real-time monitoring depended enfélet that considering a lower unit of time (eagday)
could lead to unrealistic and variable results /tibnsidering a higher unit of time would lose thygmamic
character of the tool.

The main problematic issues for the dynamizatiorewelated to those data that were not collectentiniy
like for example the waste, the quantity of which emeasured when they are transported for the shidpand
the atmospheric emissions that are evaluated peaibd according to the Integrated Environmental
Authorization (IEA). With regard to the issue reldtto the waste, an assessment of the histori¢alfdathe
last 5 years of production was carried out, taking account all the waste produced year by yehdisided
according to the EWC codes. The choice of a largkracent time horizon on which to carry out thiegation
ensures the accuracy and reliability of the resulfact, the variability with which waste is sdat disposal and
therefore measured is quite wided only one year may not be representative, seid@rng a 5-year scenario
seems a robust and appropriate choice. From tHgsé# was possible to calculate the amount o$tergoer
square meter for each type of waste; once calayl#te amount of waste per square meter was inglirdtéhe
LCA tool in such a way that the monthly value idasbed and updated automatically when the squaterme
produced in the reference month change (which greamically measured by the system). As far as the
assessment of air emissions is concerned, it wasidered an average value of the measurementsdaui in
the previous year compared to the period undeysaisalin terms of flow rate and concentration;antf the IEA
is updated annually so it was decided to consluemmost recent annual data.

5.Conclusions and discussion

This paper aimed to explore the potential of lodht®logies and the Industry 4.0 paradigm to auteat
digitizing, the inventory analysis phase underlyiifg Cycle Assessment. To this end, some reseguelstions
were proposed and then empirically verified botnfra conceptual and operational point of view. Tagearch
has mainly achieved the following goals:

1. First, it was verified that 10T technologies in tmelustry 4.0 paradigm, which capture, process and
store a large amount of data from sensors disttbutithin the production plant, can be used
effectively to automatically perform inventory aysis (LCI) for environmental assessment (LCA)
purposes. This result has allowed us to resposiyely to the first research question statechim t
introduction of this paper (RQL1).

2. Secondly, the factory sensors, which primarily perf a continuous process monitoring and
control function, connect the decision level withe tproduction level via the ERP. This bi-
directional connection, thanks to the direct exgfeaof data, offers the possibility to have realeim
information to dynamize the LCI. This result resgsrpositively to the second research question
(RQ2).

3. Finally, business intelligence combined with an Ef§Btem and LCA analysis tool makes it easy to
process data from the factory and provide real-tameironmental impact KPIs. In this way it was
possible to respond positively to the third reskeapgestion (RQ3).

5.1 Theoretical contributions

This research provides several theoretical cortighs.

i. A way to reduce the complexity of inventory anadybly proposing IoT technologies and using the
industry 4.0 organizational model to collect prignaiata, was identified. Through a detailed one-to-



one mapping of the production process steps, itpeasible to relate each cost center to one or more
LCA elementary unit.

A conceptual and operational framework is propogedntegrate the ERP system with the LCA,
overcoming the limits highlighted by other scietstis previous research. Thanks to the customizatio
of the ERP database and Business Intelligence cghiolns, it was possible to capture the data useful
for environmental assessment collected by the factensors. This result has also solved the clitfica
related to the quality and updating of primary dalt@ use of the customized ERP module allows to
have real-time process data useful for environnhé@mizact assessment.

In addition, the real-time availability of data fmventory analysis, allows to perform environménta
impact analysis no longer statically based on histbdata, but dynamically at the same time when t
environmental damage is being produced. The effeatynamic integration between ERP and LCA
offers the possibility to use the system as a pte@ tool for the eco-design of new products or
alternative manufacturing scenarios.

Finally, this research proves, in a manufacturipgrating context, that the Industry 4.0 paradigmh an
IoT technologies are indeed enabling technologiegifivironmental sustainability.

5.2 Managerial implications

This study also provides some managerial implicatior practitioners.

The Dynamic LCA system allows the benefits of eorimental assessment to be extended to more
organizations and companies that have always s&¥ dés too complex to use. This implies that
environmental information is more readily availatidebetter support the implementation of Corporate
Social Responsibility (CSR) strategies.

Due to its intrinsic ease of use, Dynamic LCA sgsiean be easily integrated into business processes
without the need for the intervention of a spestalvthen carrying out the assessment, which is only
foreseen during the customization phase of the @Al and in case of changes in the production
process that necessarily affect the LCA tool. lis thay, the company's employees can easily include
environmental KPls in the set of KPIs usually used.

The real-time monitoring of the environmental periance of the process makes it easier for factory
operators to identify and apply appropriate coivecactions, exploiting to the full the potentidfeved

by the digital technologies of Industry 4.0.

The Dynamic LCA system can be used as a possibletdodetermine the Product Environmental
Footprint (PEF) in accordance with the European @&sion Recommendation 2013/179/EU, which
aims at the significant goal of introducing commomethodologies to measure and communicate
environmental performance in the life cycle of pro and organizations.

The environmental assessment system conductedDyitamic LCA can also be used in eco-design
framework to evaluate alternative process and prodicenarios integrating it with economic
(D'Adamo et al., 2021) and social (Almanza et2020) analysis tools.

5.3 Criticism and limitations of the study

This research has highlighted some critical issi@sshould be explored in future studies.

IoT technologies, and the Industry 4.0 organizatiomodel, are able to provide with accuracy and
precision a considerable amount of primary data teke the LCI phase particularly detailed in the

gate-to-gate perimeter of the life cycle correspogdo the manufacturing phase (Figure 9). With

regard to the sourcing (cradle-to-gate) and distigim & use (gate-to-grave) phases, the organiaatio

does not have primary data sources, so to adopadieeto-grave approach it is necessary to use
secondary data sources (databases), assumptiotjsctooes and simplifications. Every company in

the supply chain (raw materials and technologies) distribution chain (B2B: business-to-business
and B2C: business-to-consumer channels) considersinformation related to their processes as
sensitive data and is therefore reluctant to slitamith the manufacturer who occupies a central

position in the chain.



ii. In this case study, the lack of primary data foe #ourcing phase was partially solved by the
knowledge of the exact distances between minesfaciry and between chemical industry and
factory and the transport systems that are nornadhged in the commercial negotiations between
suppliers and user. In this way it was possiblprexisely determine the environmental impact adtlea
of the transport system, while for the impacts loé tmanufacturing phases of the mining (raw
materials), chemical (glazes and inks) and mechaifioachinery and equipment) processes it was
necessary to use the supply data sheets and degabas

iii. Regarding the process of distribution, installateord use of the finished product that closes fés li
cycle, it should be pointed out that the lack afmary data is aggravated by the fragmentation that
characterizes this phase. The ceramic product ¢ethwe factory gate and is distributed worldwide
through B2B and B2C channels with a variety of $faort and installation methods (on the building
site) which makes it difficult if not impossible teace it. Similarly, for the use phase: the consum
uses and operates the maintenance of the ceramoic dhd wall tiles following habits and customs
related to the way the product is used as welhasctlture, the geographical area and the soc@l an
climatic conditions to which it belongs.

iv. In this study, both primary data (especially foe tmanufacturing) and secondary data (especially for
the sourcing, distribution, installation, use amdi @f life) have been used, as shown in Figuren6; i
particular, for the distribution, installation, uaad end of life, reliable scenarios were considleF®r
the authors it is important to stress the impomtanfcconsidering the entire life cycle of a produncall
its phases and not limiting the analysis to theegahe difficulty in finding data for upstream and
downstream processes could be overcome by defiirgarios that should be as representative as
possible of real processes (i.e. for the distrimjtiand that represent the optimal solution (exgttie
end of life treatments).

Figure 6 Schematic representation of data sources for L@#yais for the overall product life cycle (cradtegrave)
considering the functional unit of 1 m2 of cerattilies.
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5.4 Overview and final remarks

The goal of this research was to design, implenamat validate, both conceptually and operationaly,
dynamic environmental impact assessment systemhwiggploiting the potential of 10T technologies and
Industry 4.0, would be able to meet the environmlentonitoring needs of a ceramic tile manufactufidre
complexity of the production process of ceramiegijl described in detail in the paper, makes theltses
obtained and the critical issues that emergedjcedgle and transferable to other manufacturingitieal The
basis for future lines of research aimed at resjpgnid the critical issues highlighted in this papas also been
identified.

In order to solve the problem related to the latiualitative consistency between primary (manufant)
and secondary (sourcing, distribution, installatermd use) data, one approach to be pursued coultiebe
definition of scenarios, as indicated above. Anothgproach, currently quite difficult to adopt bedrtainly



more rigorous and precise, would be that of indaistymbiosis (Neves et al. 2019). In fact, thiprach not
only indicates the exchange of resources betweenotwmore different industries, but also the exgeanf
services, knowledge, information and skills. Thaesgic cooperation between suppliers and produaeds
between producers and distributors, can make niutbheheficial not only the exchange of goods, Heb af
sensitive information. Assuming that a relationsbfpmutual trust is created and maintained basetherido-
ut-des paradigm (Gambetti and Giovanardi, 2013), whiah also allow the joint eco-design of the prodtia,
resources needed to manufacture it and the orgamahmodels to bring the product to market. Bat anly
that, within a relationship of industrial symbiosiswould be possible to exchange also the metlugichl
modalities with which to conduct environmental asseent, in order to realize an effective and ndy on
claimed, holistic perspective of the product lifele.

Moreover, it would like to deepen the processdifele approach which should complement the prolifigct
cycle approach as stated by Jacquemin et al. (20i®¥yhown in Figure 7. These authors stresshibgtrocess
is mainly seen as part of the product life cyclefofacturing of the product), and also highliglg #uvantages
of seeing the process with its own life cycle. Tigh is interesting in order to offer manufactgraompanies
an additional opportunity to monitor the procegpsteven better while the product is being manufedt

Figure 7 Product and process life cycle approaches (addmedJacquemin et al. 2012).
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Highlights

Industry 4.0 and 10T technologies offer real-time manufacturing environmental data.
Enterprise Resource Planning and Business Intelligence are used for real-time LCI.
Thereal-time LCI based on ERP has been integrated with a customized LCA tool.
Dynamic LCA provides real-time environmental assessment of tiles manufacturing.

Dynamic LCA data has been successfully validated with a static commercial tool.
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