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INTRODUCTION
This thesis work is focused on the environmental aspect of the artistic glass production
in Murano (Ve). The project is developed in collaboration with Laguna B, Gambaro &
Tagliapietra, Effetre and Icb srl and its main target is the analysis of environmental
impacts due to the artistic glass sector. Laguna B factory has decided to analyze its own
production through a life cycle assessment analysis, in order to identify the hot spots of
production cycle and to quantify its emissions in terms of carbon dioxide. The results
of this study could be used for different purposes, starting from the optimization of
weak points of the production cycle to the products promotion to the consumers by
using environmental product declaration. Based on the analysis results, the factory will
finance interventions aimed at preserving Venice lagoon and at the same time
implementing operations for carbon offsetting. In this way, Laguna B wants to balance
the carbon dioxide emissions due to its activity and simultaneously promote its
production by using a sustainable approach.
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The first chapter describes the history of the artistic glass sector in Murano so as to
give a general framework of this unique reality. The common typologies of glass
products and their production processes are described together with their correlated
environmental issues. Then, it follows a presentation of each company which has
contributed to carry out the actual work.
In the second chapter, the life cycle assessment tool is deeply outlined by focusing on
the description of its structure. Moreover, its advantages and drawbacks, as well as its
limitations and main purposes, are discussed taking always into account the referent
legislation which rules this kind of analysis. In addition, it is provided a list of potential
uses of life cycle assessment studies and it is given a complete description of the
software used to conduct the analysis. The most common impact evaluation methods
along with databases present in the Software are outlined.
The third chapter defines the functional unit, the goals of the study and the production
cycle of glass. This discussion includes a description of raw materials, production
processes and furnaces used in glass manufacturing. Afterwards, the main pollutants
that derive from the production cycle are listed along with their correlated treatments.
Then, assumptions and hypothesis of the study are outlined, taking also into
consideration the limitations of the analysis.
The fourth chapter describes the inventory phase of the life cycle in which all the
materials flows, production processes and consumption data related to the functional
unit are quantified. During this phase, all data of the production cycle are organized and
criteria used to deal with allocation are explained in detail. After the classification of
each production process with its input and output, data are modelled inside the software
in order to evaluate impacts deriving from the production cycle.
The fifth chapter outlines the method used for the impact assessment phase and results
obtained from the model. Impacts are analyzed through production processes and then
through production phases.
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In the sixth chapter, results are interpreted by focusing on the study goals and
limitations, improvements and possible utilization of the study are considered.
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1. ARTISTIC GLASS PRODUCTION IN
MURANO
This chapter is dedicated to the history of Murano and its typical glass production. It is
given a general description of the glass industrial sector and its main characteristics.
The common typologies of artistic glass products are described along with their
manufacturing explanation. Finally, factories that contributes to the realization of this
thesis are presented.

1.1. History of the glass sector in Venice
The origins of glassmaking in Venice go back to the age of the Roman Empire. Thanks
to the combination of skills coming from the Roman experience, Byzantine empire and
Orient trading, Venice achieves a prominent ability in the glass manufacturing. In this
way as early as the 8th century Venice becomes a main center for this kind of
production.
By the late 1200s, the production of glass object of the finest quality covers the biggest
share of the city’s industry, and the master crafts hold the secret of this special
manufacturing. For this reason, in 1271 a law prohibits all the importations of foreign
glass as well as the employment of non-Venetian glassworkers.
In 1291 another law forces the movement of all glass furnaces from Venice to Murano
in order to avoid the risk of fire in the city, which was composed largely of wooden
structures. Some historians claim that another reason for the moving to the island was
the preservation of the secrets in glass manufacture so as to avoid the spreading of
crafting knowledge outside the city.
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Between the 15th and 16th centuries the artistic Venetian glass reaches its greatest
popularity, also due to the discover of the process for producing clear glass (cristallo)
by master Angelo Barovier.
In the 17th, during the decay of Venetian Republic, Murano glass experiences a slow
gradual decline. Other important centers emerge in Europe, fighting the monopolist
position held by Venice until this period. A sudden drop in the glass sector happens in
1797 due to Napoleon’s conquest of Venice who abolish all the Venice’s guilds,
including the Glassmakers. [1]
Finally, in 1866, it is only with the union of Venice to Italy that Murano glass
experiences a new revival.
Today the artistic glass production represents an unique reality that counts an half
millennial experience, creating sculptures, vases, glasses, chandeliers and objects of
highest and inimitable quality.
In Italy the artistic glass production counts 260 industries, 150 of those are in Murano,
covering up to 80 % of the national export of the sector and represent the 25 % of the
Italian glass facilities.
Its consumption in relation to natural gas and electricity is not negligible since it covers
the 13.4% of the total glass sector. [2]
It is easy to understand that Murano glass facilities present a great opportunity for
improving efficiency, both from an economic and environmental point of view.
The typical company is composed by an average number of employees of 4.2,
characterized by an artisan production and a family-run business, like shown in figure
1.
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Figure 1 employees of artistic glass facilities in Murano (centrostudisintesi2015)

1.2. Types of artistic glass
The typologies of artistic objects that could be produced by master artisans are of
several kinds and dimensions. In this work it is analyzed the production of 2 kinds of
glass: semifinished (semilavorato) and clear glass (cristallo).
Semifinished glass consists mainly in the production of canes (canne), that can be of
one or more overlapped colors, and have different diameters and lengths.
After the melting of the mixture, that last 12 hours with a maximum temperature of
1400°C, a mass of melted glass is extracted from the furnace and then is stretched by
hand for a length of a few tens of meters. This production step is followed by a master
artisan because the diameter of the cane must be constant as more as possible along its
length to preserve the quality of the semifinished glass. After the stretching, canes are
cut by a machine and sometimes if the diameter is too thick it is also necessary a
tempra process.
Other typologies of semifinished glass derived from canes are:
9

•

Grits (Graniglie):

Canes are grinded by a machine into small pieces of 1 cm of diameter, during the
grinding some dust is produced and then removed with a magnet;
Another way to produce grits is by grinding of ‘cotisso’, a coarse glass derived by
the cooling down of the molten mass (without any manufacturing) directly into
water.
•

Murine:

The Murina typically is composed by 2 or more colors and presents different
artistic motifs.
Due to their handcrafted nature it is impossible to define a standard product for
murine, which are characterized by an high variation in colors, dimensions and
artistic patterns. The diameter normally measures some few centimeters.
In the production several colors are overlapped on the canes and printed with
molds. The cane body is maintained hot and is inserted and extracted many times
inside the furnace during the process. Then, in the same way of grits, canes are cut
by a machine into circle pieces of 0.5 up to 1 cm thickness.
•

Clear glass (cristallo):

It is the basis for all colored glass, the mix is melted without any colorant elements
and the result is a translucent glass. In the mixture some bleach agents are added to
preserve the final quality of the translucent glass due to the present of impurity
contained in raw materials.

A picture of canes, cotisso and murine is shown in figure 2.
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Thanks to their ability and experience, master artisans can create many different artistic
objects using several combinations of these glasses, melting them together in the
manufacture.

Figure 2 glass canes, cotisso, murine

There are many tools used during the production by masters. The most famous is
‘canna da soffio’, a blowpipe essential for extracting molten glass and beginning the
shaping process. Other instruments are: ‘borselle’, a tong-like tool for shaping the
glass, ‘pontello’, an iron rod that holds the object during the shaping of the glass,
‘tagianti’, a large scissor for cutting the glass, and ‘scagno’, the workbench of artisan.

1.3. Laguna B
Laguna b is a Venice based factory founded by Marie Brandolini in 1996 when she
reinterpreted the goto de furnace. In 2016 Marcantonio Brandolini, her son, take the
guidance of the business together with his friend and associate Alvise Maria di Mezzo.
Since the starting of their activity Laguna B has been involved in many projects to
bring innovation and modernization into the glass world of Murano. It is founder of the
project ‘AUTONOMA’, an educational factory in Murano in collaboration with the
Pilchuck School of glass (Seattle) with the aim to brings the creativity of outsiders
together with the skills of master artisans. It has also a partnership with ‘We are here
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Venice’, a non-profit association that addresses Venice’s challenges as a living city and
advocates evidence-based approaches to policy making.
This work thesis is born from the desire of the factory to evaluate their own
environmental impacts due to the production of artistic glass. The goal of Laguna B is
to find if there are some possibility of efficiency improvement of the whole process
production and to balance their emission with interventions for reducing carbon
impacts deriving from its activity.
For this scope the implementation of a Life cycle Assessment analysis is required to fit
the fixed targets. In particular, in this work it is analyzed the yearly production of large
Goto, the top product of the company.

1.4. Effetre Murano
Effetre Murano srl is one of biggest factories for the manufacture of glass present in the
island and the only one for semifinished glass. It counts 31 employees and many
different furnaces inside. It represents a more industrial reality and at the same time it
maintains an artisan soul, offering different products that go from canes to slabs, for
then selling them to other factories.
Regarding Laguna B, Effetre is its supplier for murine, canes and grits that are
fundamental components for the realization of the goto.

1.5. Gambaro & Tagliapietra
Gambaro & Tagliapietra is a small furnace in Murano where the production of goto is
taking place on behalf of Laguna B. It counts 4 employees in total: Matteo Tagliapietra,
the master artisan, 2 master’s assistants and one worker added to the moleria sector.
12

The factory has 2 melting furnaces for the manufacture of glass, but only the one with
350 kg capacity is used in the daily production while the other covers the yearly period
of maintenance of the main furnace.

1.6. Industrie chimiche barbini
I.c.b srl is a factory specialized in chemical products located in Venice. It is the supplier
of all the furnaces in Murano for minerals and chemical components. All the data
concerning the origin of raw materials used during the production by the furnace have
been provided by Icb.

1.7. Environmental issues
The greatest environmental challenges of the glass sector are mainly the high energy
consumption and the pollution derived from the emissions to atmosphere. Emission
into water, raw material consumption and waste production have not as much impact as
air pollution (dust, NOx, SOx, heavy metals). The typical environmental impacts related
to artistic glass production are discussed further in chapter 3.
In 2011 and 2018, the Veneto Region Agency for the Prevention and Protection of the
Environment (ARPAV) has conducted two monitoring campaigns to track the
concentrations of PM10 and heavy metals in Murano. Undeniably, Murano is a sensible
site as regards these pollutants, since there is a great number of glass furnaces in the
island which use heavy metals during the production of colored glass.

Two different sites were considered in the analysis by ARPAV:
13

•

Scuola Foscolo, an elementary school located inside the island;

•

Sacca Fisola, at the ARPAV station for the quality of air in Venice.

The results of the analysis conducted in 2011 confirmed the presence of high
concentrations of heavy metals, more specifically Arsenic and Cadmium, for the site
located in Murano. For these two pollutants, the average daily concentrations exceeded
in a relevant way the threshold values fixed by the standard D. Lgs. 155/10. However,
the high concentration of heavy metals was restricted only in the site of Murano, while
no relevant values were measured at the site in Venice . [3]
Consequently, in 2011 the Stazione Sperimentale del Vetro (SSV) conducted a study for
the substitution of Arsenic with non-hazardous raw materials. Subsequently, in 2015
the arsenic trioxide implementation for the glass production was banned by the Region
authority. During the second monitoring campaign in 2018, the analysis for the same
pollutants were repeated. As regards PM10, Arsenic, Nichel and Lead concentrations, no
exceeding values were registered in the island, while Cadmium was still present in high
concentration and its target average value on yearly basis has been overcame. Because
of this, nowadays Cadmium concentration represents an environmental issue for the
island that has not yet found a solution. [4]
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2. MATERIALS AND METHODS
In this chapter it is described a brief overview of the methodology implemented in this
work thesis. More specifically, it is explained the LCA structure, the potential uses of
this tool, its advantages and drawbacks along with its referent legislation.
In addition, it is given an outline about the software used for the life cycle assessment
analysis. Its main features, together with its limitations, are listed and discussed.
Finally, it is provided a list of the main methods for impacts evaluation available in the
software. Each method is briefly described and their field of applicability and category
impacts are mentioned.

2.1. The life cycle assessment
Life cycle assessment is a tool for quantifying the environmental performance of a
product considering the complete life cycle. LCA uses a cradle to grave approach,
starting from the production of raw materials, then passing through all its life stages
(transports, distribution, usage, maintenance, recycling) and ending to the final disposal
of the products. In this way it is possible to identify all the potential negative or
positive effects that can be produced on the environment. There are many opportunities
that derives from a LCA analysis due to its versatile property which enables its
implementation for different scopes. Thanks to its rationality, transparency and
repeatability, LCA can be a powerful tool to analyze the chosen system, product or
activity.
Some main applications are:
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•

Identification of environmental hot spots in the life cycle of a product so as to
reduce environmental burdens;

•

Identification of the contribution for each stages of the life cycle to the overall
load;

•

Comparison between products and its use as a basis for environmental product
declarations;

•

Identification of key performance indicators and standardized metrics as a tool
for decision support.

The LCA is based on the Life Cycle Thinking approach (LCT) that considers a product
as an assembly of operations, input and output fluxes of materials, and energy
associated to all the life cycle steps. In figure 3 it is represented a graphical scheme that
explains the cradle to grave concept of the life cycle thinking approach used in a life
cycle assessment.
In 1997 it is published the standard ISO 14040 which is the reference legislation for
LCA and its aim is to fix a standardized process for making life cycle assessment. In
this way the analysis becomes accessible to internal and external revisors and it is
possible to obtain a certification from a recognized institution.
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Figure 3 typical inflows, outflows and main stages of a life cycle assessment (from education.psu.edu, technologies
for sustainability system)

2.2. Structure of LCA
A Life Cycle Assessment study is composed by four main stages and subsequent
subphases, as defined in ISO 14040:
•

Goal and scope definition:

In this phase the object of the study, the definition of the system and its boundaries,
the functional unit, the identification of data and the needed hypothesis are
specified.
The definition of the system consists on the description of physical, spatial and
temporal boundaries of the study. The system is the union of devices and operations
that realize one or more specific functions. The functional unit describes the exact
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object of the study, while in the identification of data are examined the effects of
the system on the environment.
For this scope it is necessary to disaggregate the life of the functional unit and to
‘cut off’ processes that can be ignored in the analysis due to their negligible
influences.
The disaggregation can be implemented by temporal phases, taking into accounts
the acquisition of raw materials, the production, the transport and distribution, the
use, reuse and maintenance, the recycle and the waste management.
•

Inventory analysis:

This phase is the core of a life cycle assessment analysis. All the data and
calculations are organized in a way that all inputs and outputs of the system are
quantified. In the inventory analysis it is built a model for the representation of the
system, in which all exchanges between the system and environment are reported.
During this phase the ‘allocation’ problem often occurs. If a process has more than
one economic output or has a useful byproduct it is necessary to assign material
fluxes among the different outputs.
ISO 14041 gives a guideline in order of preference when dealing with allocation:
1. Avoid allocation by expanding system boundaries;
2. Use a physical parameter to allocate the environmental load to various flows
(e.g. mass);
3. Use a socio-economical parameter to allocate the environmental load over
the various flows;
The allocation and the system boundaries definition are the major problems which
most often occur during a life cycle assessment study.
•

Impact assessment:
19

The target of this phase is to evaluate the extent of modifications of the
environment caused by emissions and raw materials consumption related to the
analyzed system.
Generally, it is developed by following four main subphases which are:
1. Classification:
It is the assignment of the result of the inventory analysis. Inputs and
outputs are associated to a one category impact;
2. Characterization:
It is the calculation of the results of category indicators. Each substance is
multiplied with an equivalent factor based on its significance in relation to
the category impact;
3. Normalization:
Characterization results are divided by a reference value per impact
category. Usually the reference value is referred to the yearly environmental
load per inhabitants in an area, for example Europe;
4. Weighting:
Since not all impact categories are of equally importance, a weighting factor
is associated to each category. It is a subjective step and its result can be
displayed as a single score.
The ISO 14042 considers only classification and characterization as mandatory
steps while normalization and weighting depend on the chosen method for
evaluation.
If it is necessary, a sensitivity analysis could be implemented. It is a procedure to
understand how the methodology choices and input data influence the LCA result.
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•

Interpretation of the results:

It is the final part of the analysis in which conclusions are reported.
Recommendations based on conclusions are deducted for the improvement of the
analyzed system.
In the ISO 14043 standard, interpretation is described as an integral part of LCA.

2.3. Referent legislation
The life cycle assessment studies are ruled by ISO 14040 series standards, where ISO
stands for ‘International Organization for Standardization’. These standards ISO give a
guideline to perform a LCA analysis and their fundamental principles are:
•

Perspective of the life cycle, all the life of the product must be considered;

•

Focus on the environmental perspective, the attention of the study is
concentrated on the environmental aspect and impacts of a specific product,
while social and economic aspects have a secondary importance;

•

Iterative approach, each phase uses the results of the previous phases;

•

Related approach and functional unit, the analysis is strictly related to the
choice of the functional unit of the study;

•

Transparency, it is necessary to guarantee a correct interpretation of the results;

•

Completeness, all environmental aspects as well as human health and raw
material consumption are considered in the analysis;

•

Priority of the scientific approach, decisions are based on scientific
considerations. [5]
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More specifically, UNI EN ISO 14040 (Environmental management-Life cycle
assessment-Principles and frameworks) provides a general framework for practices,
applications and limitations of LCA.
UNI EN ISO 14044 (Environmental management-Life cycle assessment-requirements
and guidelines) gives indications related to the preparation, the management and the
critic revision of the life cycle and it is the principal support for the practical
application of a LCA study.

2.4. Advantages and limitations of LCA analysis
Thanks to the principles given by ISO standards, a life cycle assessment study presents
several advantages:
•

It avoids the shifting of environmental burdens from a sector to another due to
the application of allocation;

•

It allows the study of the whole system of the product without focusing on a
single process;

•

It develops a systematic evaluation of environmental consequences associated
to a product or service;

•

It quantifies the emissions to air, water and soil associated to each phase of the
life cycle;

•

It evaluates the effects on the environment and human health due to
environmental emissions and use of materials;

•

It identifies the impacts related to a specific category of interest;

•

It allows the comparison between equivalent products;
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•

It enables the identification of potential improvements of environmental
performance of products during the different phases of the life cycle;

•

It quantifies the environmental impacts related to different category impacts;

•

It is possible to select the wanted environmental indicator;

•

It presents the result of environmental performances.

In addition to this, a LCA study represents a support tool for issue of certificates and
provides information for making decisions. [6]
LCA also has limitations due to different reasons. A life cycle assessment study can
become very complex as the number of variables increases. Other aspects are the
strong dependence about the accuracy of input data and the requirement of
interpretation and discussion of the result, that can lead to multiple conclusions.
Likewise, assumptions and hypothesis as well as system boundaries, chosen impact
categories and origin of data are critical points since they are on subjective basis. In
addition, there is a lack of univocal method so it is possible to use different software for
the analysis. Other critical aspects are the necessity of access to databases and the
choice of evaluation methods, since not all methods are suitable to any environmental
impacts. A life cycle assessment study implies also an investment in terms of time and
resources and based on the kind of product or service analyzed it can have a limited
period of validity. Finally, an LCA study gives only information and does not define
which is the best product or solution.

2.5. Purpose of LCA analysis
The reasons that lead to implement a LCA study are strongly dependent by the context
in which the analysis takes place. Currently, there are two main macro areas of
application: the first one is the use by a single business, the second one instead involves
23

the government authorities which can use LCA as a decision tool for the management
of national socioeconomic system.
As regards the potential uses by business, LCA becomes an instrument to differentiate
their own product by the average present on the market, since those potential
purchasers can prefer a product characterized by a better environmental performance.
The results of the study can be used both for internal management or for external
communications and can be implemented in different fields.
Concerning the production step, results can be utilized for:
•

Identification of the production phases with a low environmental performance;

•

Complete collection of all data and raw materials necessary for the manufacture
of a product;

•

Creation of an informative system to support the environmental management,
keeping under tracking emissions, raw material depletion and connected effects;

•

Analysis of alternative production processes to find out which has the best
environmental performance;

•

Reduction of the cost through efficiency improvement of critical processes.

Regarding the marketing, LCA can be used to advertise a product, drawing the
attention of consumers with environmental sensibility.
A business can also exploit a LCA study to present itself at Public Administration as
‘sensible to environmental aspects’.
In research and development field, LCA results can be precious since they can be
implemented in the design of a new product, lowering the environmental impacts
(Ecodesign). As a consequence of the results, new technologies and installations can be
adopted to minimize consumption of energy and materials.
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Finally, results can be used by business administration to support strategic decision, to
choose which indicator are relevant for environmental performance and to optimize the
managing of transport services and waste management. [6]
As regards the utilization by the Public Administration, LCA can be implemented to
add the environmental and energetic aspects in the evaluation of politics associated
with an economic and sustainable development of the territory. In particular:
•

In the optimization of public services, like waste management and transport
systems;

•

In the definition of product policy, for example by defining specific rules to
follow in case of production or disposal of a product;

•

In the decision for the establishment of taxes or incentives, product with an
efficient environmental performance can have tax benefits;

•

In the evaluation and promotion of technological innovation characterized by
low environmental impacts.

An actual example of an LCA application for technological innovation is the project
‘Vetro Murano’, conducted by Stazione Sperimentale del Vetro from June 2010 and
December 2011 on behalf of Ministry of Environment.
The purpose of the project was to find a solution to substitute Arsenic with other nondangerous raw materials for the production of artistic glass in Murano. For this scope, a
comparative LCA study was implemented in which environmental impacts of potential
substitutes of arsenic were investigated and then compared to each other.
The study allowed to discover that:
•

for some glass production the substitution is actually possible;

•

the substitution results in greater cost in the production;
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•

the substitution shows a reduction of inhalation exposure, risk for human health
of workers, and impacts on the environment related to the acidification
category. [7]

This case study is a significant example of the potential use of a life cycle assessment
analysis.

2.6. Ecological label
In European countries there is a growing concern about ecological label and
environmental certification of product which can be on a mandatory or voluntaries
basis. The labelling can provide information from business to consumer, or even from
business to business.
As specified in standard UNI 14020, there are three kinds of environmental marks:
•

Type I: these labels are based on excellence criteria developed by a third party.
In order to achieve the label, some fixed threshold values must be respected and
the certification can be assigned both from a public institution or a private
organization. One example is the ‘European eco-label’ and the reference
standard is ISO 14024;

•

Type II: these labels are based on self-declared certification from the producer.
They give environmental information about the product without the need of
intervention of a third party. These data must respect some constraints as
indicated in standard ISO 14021;

•

Type III: these labels present quantified environmental information on the life
cycle of a product, and they are referred as Environmental Product Declaration
(EPD). Data must be presented in a way that enable the comparison between
products fulfilling the same function. This can be obtained by using
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standardized parameters for the specific category of the product. Such
declarations are provided by one or more organizations and are based on
independent verified LCA data. The EPD system is managed at international
level by the Swedish Environmental Management Council and it is regulated by
standard ISO 14025.
The purpose of ecological labels is to enhance the demand in the market for certificated
products through the communication of verifiable and accurate data on their
environmental performance. [8]
Environmental product declarations are the most common among ecological labels and
they present different advantages:
•

Credibility since they are verified by a third party;

•

Reliability of information based on LCA study;

•

Comparability;

•

Transparency.

It is applicable to every product or service and it requires a LCA study that has to
respect the Product Category Rules (PCR) for the specific category of the product. PCR
are documents that provide rules, requirements and guidelines to develop an EPD for a
specific product type.
EPD is on voluntaries basis and the data contained inside have only an informative
purpose since there are not evaluation standards, criteria of preferabilities or minimum
level for environmental performance that must be respected by the product.

2.7. Software SimaPro
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SimaPro is a software for the implementation of life cycle assessment study distributed
by the Dutch society PRè (Product Ecology Consultant). It is one of the most spread
software for LCA and it is used over 80 countries. By following all the guidelines
present in standards ISO 14040 series, it enables the collection, monitoring and
analysis of environmental performance of a product or service. It is designed also for
life cycle assessment of highly complex system thanks to its several features.
The flexibility is one of the main characteristics of the software since it is possible to
create new processes, materials and evaluation methods for impacts as well as to
modify preexistent records in a way that they can fit for the analyzed case. The
possibility to modify processes allows also to expand system boundaries in case of
necessity.
SimaPro provides access to databanks based on economic and environmental statistics
that can be used as inputs or outputs during the creation of a process. The life cycle of a
product is built with a tree configuration that allows to study complex system in an
intuitive way.
As regards the impact assessment phase, SimaPro contains all the certificated methods
for impacts evaluation among which there is freedom of choice.
Others important features are the possibility to model parameters in a freeway and the
option to implement a sensibility analysis as well as an uncertainty analysis if
necessary. In addition, the practitioner of LCA can construct different alternative
scenarios for the use and end of life of products therefore many case studies can be
analyzed.
Thanks to the transparency of calculation of the software, there is the possibility to
compute an impact evaluation for each single phase. In this way, critical hot spots can
be identified in each step of the life cycle.
Results are computed iteratively nevertheless it is always possible to retrace the
calculations, arriving directly to the origin of the results.
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In addition, SimaPro provides the possibility to model in an efficient way the recycling
of a product or waste treatment processes, if they are present. It grants also the
possibility to consider or not long-term emission, for example in the case of landfilling.

2.8. Software structure
The software structure is based on ISO standard 14040 series and present all the main
phases of a life cycle assessment study. Data inserted by the practitioner are organized
inside the Project data section, where projects with their related processes are saved.

One project is formed by these phases:
•

Goal and scope, in this section the practitioner can describe the study and select
libraries;

•

Inventory, the practitioner can create all personalized processes related to his
own project, until the completion of the life cycle. In this step all the production
phases, waste treatment and custom-made scenario are defined. It is also
possible to construct assembly, a definition of the analyzed product that
contains inside a list of all its components (materials and processes);

•

Impact assessment, the practitioner can choose which method to use for the
analysis;

•

Interpretation, the practitioner can create records to write down the
conclusions;

•

General data, in this section there is a list of all substances present in the
software, unit of measure and references.
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Libraries are organized inside the library data section. Each library has its own
description and field of applicability, therefore the analyst can exclude libraries that
are not suitable for his study. Libraries used in this work thesis are illustrated in the
third chapter.

2.9. Data banks
The software used for the analysis of this thesis is the SimaPro 7 version. It contains
different databases that are reported in the following list:
•

Ecoinvent v2:
It covers up to 4000 processes among different industrial sectors mainly present
in Switzerland and occidental Europe. The categories included in this database
are energy, transport, building materials, production of chemicals, products for
cleaning, paper and cardboard, agriculture and waste treatment. The entire
database consists over 10000 interlinked datasets, each of which describes a life
cycle inventory on a process level with attached description and related data
uncertainty.
Processes in this database can be of two types: ‘unit’ or ‘system’.
The ‘unit’ process contains only one single operation of the production cycle,
while in ‘system’ process all the upstream operations for that specific record are
present. Each process of this library is present in both versions, the choice is up
to the LCA practitioner.
Unit process should be preferred if the focus is on transparency of data but
sometimes system process can be implemented to speed up calculations.

•

US input output database:
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It is an American database and it is related to 481 sectors linked with American
economy. Environmental data are elaborated from the following sources: Toxic
Release Inventory 98, Air Quality Planning and Standard (of US Environmental
Protection Agency), Energy Information Administration (of US Department of
Commerce), National Center for Food and Agriculture Policy, and World
Resource Institute;
•

Danish input output database:
It is based on Danish statistic data from the National Accounts Matrix
(NAMEA);

•

LCA food database:
This databank contains 500 process linked with the chain production of food
products in Denmark;

•

US LCI:
It counts 423 processes which cover the main inventory data for energy,
transport and material production sectors in North America;

•

ELCD, European reference Life Cycle Database:
This database comprises Life Cycle Inventory data from front-running EUlevel business associations. Sources for key material, energy carriers, transport
and waste management are included with guarantee of quality, consistency and
applicability of data;

•

Swiss input output:
In this database 154 processes are provided from the Swiss ESU-services
society;

•

Industry data v2.0:
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This databank contains inventory data of 74 processes provided by the
industrial sector.

2.10.Methods for impact evaluation
Different methods for impact evaluation are available in SimaPro and the practitioner
of LCA can choose freely which one to implement in his study. The structure of each
method follows the guideline given in standard ISO 14042 that prescribes 4 steps:
classification, characterization, normalization and weighting. The firsts two are
mandatory therefore they are present in any methods, but they can contain different
impact categories based on the chosen evaluation approach.
In addition, SimaPro allows the creation of methods for impact assessment.
The most common methods are:
•

Eco-indicator 99
In the Eco-indicator 99, method normalization and weighting are performed at
damage category level, referred as endpoint level in ISO terminology. There are
three damage categories:
✓ Human Health (unit: DALY= Disability adjusted life years; different
disability caused by diseases are weighted)
✓ Ecosystem Quality (unit: PDF*m2yr; PDF= Potentially Disappeared
Fraction of plant species)
✓ Resources (unit: MJ surplus energy; Additional energy requirement to
compensate lower future ore grade)
Eco-indicator 99 has a damage assessment step. Impact category indicator
results, that are computed in the Characterization step, are added to form
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damage categories. Addition without weighting is justified because all impact
categories that refer to the same damage type, like human health, have the same
unit (for instance DALY). The normalization is implemented only to damage
categories by using a European reference level for which the standard is the
damage caused by 1 European per year.

•

EPS 2000 method:
The EPS system is designed to be a tool for the development process of a
company's internal product. It is characterized by a ‘top-down’ development,
which means that the highest priority is given to the usefulness of the system
while details are added gradually.
The impact categories are identified from five safeguard subjects:
✓ human health;
✓ ecosystem production capacity;
✓ abiotic stock resource;
✓ biodiversity;
✓ cultural and recreational values.
The model is intended to improve environmental performance of products
therefore its design is built from an anticipated utility perspective of a product
developer. EPS 2000 method does not provide a basis for environmental
protection strategies for single substances, or as a sole basis for environmental
product declarations.

•

EDIP/UMIP 2003 METHOD:
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Environmental Design of Industrial Products (EDIP) method presents 18 impact
categories. The firsts five have global effects and are calculated with Mondial
data, while the remaining 13 have local effects and are computed with data from
Denmark. Impact categories are reported in table 1.
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Table 1 impact categories of EDIP 2003 method

Impact category

Unit

Global warming potential

gCO2 equivalents

Stratospheric ozone depletion potential

•

gCFC11 equivalents

Acidification potential

gSO2 equivalents

Eutrophication potential

gNO3 equivalents

Ecotoxicity water chronic

m3

Ecotoxicity water acute

m3

Ecotoxicity soil chronic

m3

Human toxicity air

m3

Human toxicity water

m3

Human toxicity soil

m3

Bulk waste

kg

Hazardous waste

kg

Radioactive waste

kg

Slags/ ashes

kg

Resources

kg

Ozone formation, human

(pers*ppm)/hour

Ozone formation, vegetation

(m2*ppm)/hour

CML 2 BASELINE:
The CML 2001 (baseline) method is elaborated on the problem-oriented
approach at mid-point level. The CML Guide provides a list of impact
assessment categories grouped into:
A: Compulsory impact categories, category indicators used in most LCA;
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B: Additional impact categories, operational indicators exist but they are not
frequently included in LCA studies;
C: Other impact categories, no operational indicators are available, therefore it
is impossible to include them quantitatively in LCA.

The impact categories presented in this CML baseline method are the
recommended methods according to the Handbook on Life Cycle Assessment.
Recommended impact categories with their related indicators are displayed in
table 2.
Table 2 baseline impact categories [9]

Impact categories

Reference

Main contributing substances

substances
Depletion of abiotic resources

kgeqSb

Iron ore, crude oil

Acidification

kgeqSO2

SO2, NOx, NH3

Eutrophication

kgeqPO43-

PO43-, NO3-, most N compounds

Global warming

kgeqCO2

CO2, N2O

(GWP20, GWP100)
Stratospheric ozone layer

kgeqCFC-11

CFC

kgeq1,4-DB

N2O, NOx, NH3, particles, SO2,

depletion
Human toxicity

acrylonitrile, cadmium
Ecotoxicity: freshwater, marine

kgeq1,4-DB

and terrestrial
Photo-oxidation formation

Acrylonitrile, cadmium,
particles, N2O, NH3, SO2

kgeqC2H4

Depletion of abiotic resources
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CO, toluene, NOx

This impact category indicator is related to extraction of minerals and fossil
fuels due to inputs in the system. The Abiotic Depletion Factor (ADF) is
determined for each extraction of minerals and fossil fuels based on
concentration reserves and rate of deaccumulation.

Climate change
The characterization model as developed by the Intergovernmental Panel on
Climate Change (IPCC) is selected for development of characterization factors.
Factors are expressed as Global Warming Potential for time horizon 100 years
(GWP100) in kg carbon dioxide equivalent/kg emission.

Stratospheric Ozone depletion
The characterization model is developed by the World Meteorological
Organization (WMO) and defines ozone depletion potential of different gasses.

Human toxicity
Characterization factors, expressed as Human Toxicity Potentials (HTP), are
calculated with USES-LCA, and they describe fate, exposure and effects of
toxic substances for an infinite time horizon.

•

EPD 2008
This method is to be used for the creation of Environmental Product
Declarations or EPDs, as published on the website Swedish Environmental
Management Council (SEMC, www.environdec.com). The original document is
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titled: "Introduction, intended uses and key program elements for
Environmental Product Declarations, EPD".
In the standard EPDs the following impact categories has to be analyzed:
✓ Gross Calorific Values (GCV), also referred to as the "Higher Heating
Values";
✓ Greenhouse gases;
✓ Ozone-depleting gases;
✓ Acidifying compounds;
✓ Gases creating ground-level ozone (Photochemical Ozone creation);
✓ Eutrophicating compounds;
Except for the Gross Calorific Value (GVC), all impact categories are taken
directly from the CML 2 baseline 2000 method.
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3. S T U D Y O F G L A S S P R O D U C T I O N
THROUGH LCA ANALYSIS
In this chapter it is given a framework of the whole LCA applied in this thesis.
Goal and scope of the project, as well as the functional unit under study, are defined.
System boundaries and cut-off criteria that are applied in the analysis are described in
detail. Furthermore, it is provided an outline of the production cycle of the goto.
The typical furnaces for glass are described, focusing on the technological aspects and
the relatively advantages or drawbacks.
It is provided a list of all the raw materials necessary to produce artistic glass and the
function of each component is explained.
All the relevant environmental impacts of the glass manufacture are discussed and
thereafter the best available techniques for their treatment are described.
Finally, it is provided a process scheme of the moleria sector in order to close the
production cycle of the goto.
At the end of the chapter, it is provided a list of all the assumption and hypothesis
adopted in this thesis.

3.1. Goal and scope definition
In this work thesis it is analyzed the artistic glass production over a period of one year.
The commissioner of the LCA implemented in this thesis is Laguna B who is interested
to measure its own environmental impacts all over the life cycle of their products. The
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goal of the factory is to quantify the extents of environmental modifications due to its
production activity. The results of this analysis will be exploited for several aspects:
•

To find out which are the ‘hot spot’ points of the production cycle of artistic
glass;

•

To improve the weak points of the manufacture through a prominent
environmental perspective;

•

To understand which are the products among its catalogue with the greater
impacts on the environment;

•

To balance the carbon emission due to its production, through the funding of
environmental intervention for carbon sinking.

As regards this last point, Laguna B is currently involved in the project ‘Venice salt
marshes as a carbon sink: from theory to practice’ managed by the organization We Are
Here Venice. The project proposes Venice and its lagoon as potential area for the
implementation of carbon offsetting.
A carbon offset is a reduction in emissions of carbon dioxide (or other greenhouse
gases) with the purpose of compensating emissions elsewhere. The lagoon of Venice is
the largest tidal system in the Mediterranean characterized by a rich biodiversity, that
includes a great variety of birds, fish and endemic flora. However, the area of salt
marsh is subjected to a continuous decline due to human activities. Salt marshes is a
unique and sensible ecosystem that has a high carbon storage potential. At present, the
organization We Are Here Venice is working to understand the feasibility for a Venicebased carbon trading scheme. Once Laguna B has identified the carbon emission due to
its production, it would be possible to compensate its carbon footprint through
operations for saltmarshes protection and restoration.
Another target of this thesis is to define a guideline for the implementation of a LCA
for the artistic glass production. Currently, there are not existing Product Category
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Rules (PCRs) for artistic glass making, therefore this thesis can become a forerunner as
regards this subject. This LCA analysis can become a tool to bring innovation inside
the glass world of Murano, enhancing the meeting between the ancient and modern
reality.

3.2. Functional unit description
The object of the study is the top product of Laguna B catalogue, ‘the Goto large’.
The Goto is a handmade glass and it can be produced with three different dimensions:
small, medium and large. The glass is available in ten different colors, however in this
study eight of them are considered, which are (figure 4):
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Skylight

Orange

Cobalt

Yellow

Black

Pink

Red

Green

Figure 4 Goti

Each color is obtained by adding a fixed combination of heavy metals during the
melting of the glass mixture. Because of this, glasses of different colors may not have
the same impacts. Therefore, this LCA aims also to compare all the different coloring
as regards the raw material use, since the production process is equal for all color
variants.
The bulk of the Goto is made of clear glass, that during the processing performed by
artisans is melted together with semi-finished glass products.

More specifically, a Goto is made up with these components:
•

Clear glass, it is what the master artisan calls ‘soul’, the molten mass of
transparent glass is modelled with the desired shape;
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•

Colored glass sticks, for each Goto five sticks of random colors are melted
together with the glass soul;

•

Murine, in the same way as colored sticks, nine random murine are merged
together with the clear glass;

•

Grits and glass powder, these two components are needed for the background
color of the Goto.

Due to its handmade nature, it is impossible to obtain one Goto identical to another,
therefore each glass is a unique piece characterized by its own dimensions and weight.
Because of this, in this study it has been necessary to consider average values as
regards weight and dimension of glasses. All the values used in the calculation for the
LCA are deeply illustrated in chapter 4 ‘Inventory analysis’.
The functional unit of this study is defined as the yearly average production of Goto
large that counts 480 units. For the analysis these 480 pieces are split in an equal
manner among the different colors, therefore 60 glasses for each class are considered.

3.3. System boundaries
Product systems are interrelated in a complex way. In order to produce a material,
equipment is needed which in turn needs other materials for its building. It is clear that
not all the existing links can be followed in a LCA study, so the practitioner has to
define system boundaries to understand which processes must be considered in the
analysis.
In boundaries definition, three main rules are valid:
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•

The global life cycle, all the processes are analyzed regardless of their weight
on the total balance. All the life phases of the investigated product and all the
correlated products are taken into account;

•

The technological extended life cycle, quantitative or logic criteria are applied
in order to select the significative processes, as regards the correlated products
only the raw materials acquisition is considered. Therefore, this approach refers
to material production and processing, while ‘capital goods’ are excluded;

•

The linear life cycle, only processes strictly related to the analyzed product are
considered.

In this thesis it is used the ‘technological extended life cycle’ approach, therefore also
raw materials extraction is considered when data are available. However, not all
processes and materials origins are analyzed in this study since different cut-off criteria
have been applied.
Cut-off criteria are useful tools to determine if it is relevant to trace the emission from
the processes with a relatively low contribution. It is possible to distinguish between
three different approaches:
•

Criteria based on environmental relevance, all the processes that contribute less
than a fixed percent are neglected. This is not always so useful since it is
necessary to collect all data for processes before knowing their environmental
impacts, with consequent waste of time. One way to deal with this approach is
to use estimations;

•

Criteria based on physical parameters, usually with this approach it is used
mass as physical parameter, but also other quantities may be selected. This
method has the advantage to be easy-to-use, but it is not always applicable since
low related masses can have high environmental impacts;
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•

Criteria based on socio-economic parameters, in this case the economic value
is often designated as parameter for the cutting-off. In the same way for
physical parameters, processes or material with low cost can be characterized
by great related impacts.

Since there are not preferential or mandatory criteria, the choice is up to the practitioner
of LCA who can select the best option for his case study.
In this thesis, cut-off criteria based on percent are adopted to select for which raw
materials is necessary to consider the extraction and transport phases. Criteria based on
mass are used to deal with allocation.
Laguna B has not its own furnace, therefore its production is made inside the G&T
factory. This situation creates an allocation problem since G&T furnace has its own
glass production in addition to Laguna B products. The solution that is adopted to deal
with allocation is treated further in the fourth chapter.

3.4. Raw materials for artistic glass
Glass is obtained by melting at high temperature of an homogeneous mixture of
minerals. During the melting process, the vitrifiable mixture loses the 17% of its mass
in volatilization, mainly CO2, therefore from 100 parts of mixture are produced 83 parts
of glass. Glass cullet can be used as raw material together with the mineral mixture.
Since glass is completely recyclable, this allows several advantages:
•

the fusion process requires lower energy, glass cullet are already melted which
means they have a low latent heat;

•

less minerals are necessary due to the adding of glass wastes as raw materials;

•

lower amount of waste is produced.
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As concerns the artistic glass, the implementation of glass waste in the melting has
some limitations. Indeed, it is possible only to melt transparent or mono-colored glass
waste in order not to compromise the quality of the output material. When colored
glass waste is melted a second time, the new molten mass of glass will look ‘dirty’
affecting completely the aesthetics of the artistic glass.
The vitrifiable mixture is composed by several components which perform different
functions:
•

overglaze compound, it is the matter that constitutes the basis structure of glass.
The most common is silica (SiO2, silicon dioxide) and it is the principal material
used in the production of glass. It is an abundant element in nature, but natural
silica is not always suitable to produce glass since it may contain impurities (as
iron or aluminum) that give to the glass an undesired coloring. Because of this,
natural sands are purified and washed, depending on the different field of
application of the glass product, such as in artistic glass production;

•

melting compounds, these substances are added to the sand to lower its melting
temperature, that otherwise it would be too high and it would require a greater
amount of energy (melting point of quart approx. 1700°C). Generally in order
to reduce the melting temperature, sodium oxide is implemented usually by
adding soda or sodium carbonate (Na2CO3) as well as sodium nitrate (NaNO2).
Similarly, potash salt covers the same function (K2CO3). In addition, soda and
potash salt have the properties to extend the range of temperature within which
glass solidifies, increasing the processing range of glass.

•

Stabilizer compound, they improve the workability of glass and at the same
time they reduce the possibility of alterations on the glass surface at room
temperature. Some compounds that have these properties are bivalent oxides of
calcium, magnesium, barium, lead and zinc. A further improvement can be
achieved by adding alumina (Al2O3) and boric oxide (B2O3).
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As regards the artistic, glass calcium carbonate and borax are usually added to
the mixture;
•

Fining agents, their function is to eliminate the gas bubbles that are produced
during the melting, allowing the homogenization of the molten mass. Nowadays
in the artistic glass sector, antimony combined with nitrates is used as fining
agent. In some modern furnaces instead sulphate compounds are added for this
scope. In the past before the banning, arsenic was implemented to cover this
function;

•

Bleach agents, they are most used in the production of transparent glass to
neutralize the coloring effect due to the presence of impurities in raw materials.
Natural sand may contain traces of iron and chromium which have a strong
coloring action. Suitable elements for this function are nickel oxide, selenium,
cobalt and rare earth metals which, added with the right dosage, give the desired
result;

•

Matting agents, due to the presence of fluoride, these compounds give opacity
to the glass. They are not of interest for the analysis of this thesis;

•

Coloring agents, to produce colored glass some metal elements are added to the
mixture. The intensity of the coloring depends from the quantity of coloring
agents applied, as well as from the presence of oxidizing or reducing
substances. The artistic glass of Murano is famous for its wide range of colors,
consequently heavy metals are widely used in glass furnaces. Colors and their
corresponding heavy metals are illustrated in table 3. [10]
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Table 3 elements used to impart color to silicate glasses [11]

Element

Color

Copper

Light blue

Chromium

Green, yellow

Nickel

Greyish-brown, yellow, green, blue to violet

Manganese

Violet

Iron

Yellowish-brown, bluish-green, amber color in combination
with sulphides

Vanadium

Green in silicate glass, brown in borate glass

Cobalt

Intense blue, pink in borate glass

Titanium

Violet (melting under reducing condition)

Neodymium

Reddish-violet

Selenium

Pink or bronze

Cadmium

Yellow, orange, red and color intensifier

Praseodymium

Light green

3.5. Glass furnaces
The melting furnaces used in the artistic glass sector may be of different sizes, ranging
between 100 and 3000 kg, and their production capacity depends on the kind of objects
that are produced. Currently, there are two main types of furnaces:
•

Crucible furnace, it is constituted by one or more crucibles of refractory
material which can differ in dimensions and are placed over the basis of the
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furnace. The burner flame is located on the furnace basis and it spreads around
the crucibles. This spreading provides a homogeneous heating of the crucible,
that grants a uniform temperature of the molten glass and as a consequence it
improves its quality. The most common seizes for this typology of furnace
ranges between 150 and 300 kg, and they have an average service life of 15
years. The maintenance of the refractory is scheduled every 0.5 to 1 year. The
main feature of the crucible furnace is to allow the containment of glass of
different colors simultaneously;
•

Day-tank furnace, it is constituted by a tub of refractory material with circular
or squared shape that contains the mass of molten glass. The burner is placed
above the level of the glass. This configuration causes a thermic stratification
that can affect the quality of the glass. Since it is present only one tub, it is not
possible to work with more than one color for furnace. One positive aspect of
this typology is the lower specific consumption compared to crucible furnaces.
Their average service life is estimated at 12 years. [2]

Generally, crucible furnaces fit better for the handmade manufacture of glass since they
allow a greater versatility during the glass making. On the other hand, day tank
furnaces are more suitable in case of industrial production because they enable the
melting of great quantity of glass and reduce the energy requirement.
Another typology of furnace is the muffle, it is used for the annealing of the artistic
glass. This process consists in the heating over the annealing temperature and it allows
the elimination of inner tensions generated during the glass melting and processing.
The temperature and the cooling-down velocity are functions of the typology of glass
and of its thickness. Once the correct temperature has been reached, the glass is
maintained in this state until the thermal uniformity is achieved, then it is gradually
cooled down up to the room temperature.
As regards this case study, G&T and Effetre have different furnaces.
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G&T factory is equipped with a crucible furnace which has a capacity of 350 kg. The
furnace is provided with two crucibles of different sizes: the biggest one is used for the
clear glass production and can contain up to 300 kg of molten mass, the other instead
has a capacity of 50 kg and it is used only for the colored glass. This crucible furnace
has not a modern technology, therefore it is devoid of heat exchanger or automatic
system for flame regulation. In addition, G&T has another small crucible furnace which
is used only in the period of maintenance of the main one, mainly during August or
December. In this analysis it is considered only the furnace with 350 kg capacity. For
the annealing process, G&T is equipped with two muffles of the same size. They have a
rectangular basis that measures 3.6 m in length and 1.4 m in thickness. These two
furnaces work every other day for five days a week.
The ventilation and flue gas extraction systems are the same for the crucible and muffle
furnaces which both have an extractor hood on the top.
In figure 5 and 6 there are respectively the crucible furnace of 350 kg capacity and the
muffle of G&T.

Figure 5 crucible furnace, 350 kg capacity, G&T
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Figure 6 muffle furnace, G&T

Unlike G&T, Effetre has many furnaces inside the factory. For the analysis of this
thesis only two of its furnaces are considered:
•

A crucible furnace with 300 kg capacity, it is used exclusively to produce
murine and it presents five crucibles inside. It is not a modern furnace thus it is
devoid of heat exchanger and automatic flame regulator;

•

A crucible furnace with 800 kg of capacity, it used to produce canes, grits and
cotisso. This one is provided with an automatic system for flame regulation.

Semifinished glass does not require a tempra process after the processing, consequently
no muffle furnaces are considered in Effetre factory. In figure 7 there are two pictures
of two furnaces during a period of inactivity in which crucibles have been removed for
maintenance.
The operative conditions of the furnaces are discussed in the paragraph ‘Combustion’.
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Figure 7 crucible furnaces, 300 kg and 800 kg capacity, Effetre

3.6. Combustion
The combustion is a chemical reaction in which a combustible substance is oxidized by
a comburent agent (typically oxygen contained in air) with the resulting release of
energy and new compounds. To achieve an efficient combustion, it is necessary to
maintain a mix of natural gas and air close to the stoichiometric ratio. Theoretically, in
the stoichiometric condition oxygen is present in sufficient quantity to burn completely
all the combustible substances. The mixture containing air and combustible can be:
•

Lean, if the oxidizing agent is excessing the stoichiometric quantity;

•

Rich, if the oxidizing agent is less than the stoichiometric quantity.

In the artistic glass sector, the fuel used for the combustion is natural gas which is
composed over 99% of methane [12]. In the complete combustion, all carbon is burned
to carbon dioxide while all hydrogen is converted into water. In the case of methane
these reactions are defined as follows:

C + O253
H2 + ½ O2

CO2
H2O

Digitare l′equazione qui .

The composition of natural gas referred to volume fractions is given in table 4.
In this thesis the values present in table 5 are used to calculate the carbon dioxide
emission cause by the combustion process. All the following values refer to the Normal
cubic meter unit, defined as a cubic meter of gas at 0°C and 1.01325 bar. The flue gas
is considered in dry condition.

Table 4 natural gas composition, Italy [12]

Natural gas components

Volume fractions

Methane CH4

99.2%

Ethane C2H6

0.4%

Propane C3H8

0.14%

Carbon dioxide CO2

0.11%

Nitrogen N2

0.15%

￼
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Table 5 combustion constants for natural gas [12]

Symbol

Description of quantity

Value

Hi

Lower heating value

35892.7 kJ/m3

ϱf

Density of fuel

0.722 kg/m3

VA,min

Theoretical minimum volume of

9.67 m3/m3

combustion air per m, dry
Vfg,0,dry

Theoretical minimum volume of dry

8.57 m3/m3

flue gas per m fuel
Φ(CO2, max)

Volume fraction of CO in dry flue gas

11.76 %

3.7. Production stages
The production process of artistic glass is composed by different phases which can
differ substantially in function of the glass typology.
It is possible to distinguish among:
•

Melting phase
Initially, the furnace is heated up from the working (1100°C) to the charging
temperature (1300°C). Then the mineral mixture is charged inside the furnace,
not all in once but in several times to avoid the temperature drop due to the
absorption of the latent heat. Once all the mixture has been charged, the
temperature is increased up to 1400°C and the mixture is maintained inside the
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furnace until the complete glass formation. This period depends on the kind of
glass that is produced and on the amount of glass waste used in the charging,
since glass wastes have a lower latent heat than new raw materials. Finally,
when the melting of the mixture is over, the temperature is reduced between
1100-1180°C for two-three hours in order to eliminate the gas bubbles trapped
inside the molten mass. This last subphase is the glass finishing.
•

Working phase
In this phase the furnace is maintained at a constant temperature of 1100°C. The
master artisan picks up the needed glass for the manufacturing and reheats it
when necessary to maintain the workability. The period of the processing
depends on the kind of object that the master has to realize.

•

Maintenance phase
This phase allows to keep melted the mass of glass inside the furnace with a
constant temperature of 1100°C. Since in this phase there is not interaction with
the furnace, the firebox is kept closed and as a consequence the consumptions
are relatively low.

During the year, the G&T furnace is off for a period that can vary from 40 to 60 days,
usually in correspondence of August (for the high temperature) and December/January.
Consequently, the furnace is kept burning for more than 300 days at year, involving a
great energy consumption with related impacts. This energy requirement and its
impacts must be allocated between G&T furnace and Laguna B since they are using the
same furnace for their production. The criterion adopted for the allocation of the
maintenance phase is discussed in the fourth chapter.
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As regards the melting phase, for G&T furnace it is considered a total duration of eight
hours with a constant temperature of 1400°C, while for Effetre this phase lasts twelve
hours with a maximum temperature of 1400°C.
As concerns the working phase, the master artisan together with his assistants takes one
hours to make ten goti. When the goto processing is completed, it is put inside the
muffles for the annealing of glass for a period of nine hours. In the first hour the air is
pre-heated at 800°C and for the remaining eight hours the temperature is kept constant
at 500°C. At the end of the nine hours, the muffles are turned off and the glass
continues its gradual cooling down. The muffle doors are kept closed until the day
after. At the beginning of the working turn, the muffle is emptied and then during the
day it is refilled with new objects.
After the tempra process, the goto goes to the moleria section where the refinish of the
object takes place. The processing for murine, grits and canes have been discussed in
the first chapter. In figure 8 and 9 it is illustrated the conceptual scheme for the
production cycle of the goto and its components.
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Figure 8 production cycle of murine, canes, grits, cotisso and glass powder

Figure 9 production cycle of goto
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3.8. Environmental impacts
The glass sector is characterized by a high energy consumption in terms of natural gas
which is used as fuel in the combustion. The melting phase is the more expansive
process of the production cycle since it requires the highest temperature among all uses
of the furnace. As regards the electricity consumption, it is needed mainly for the
functioning of the ventilation system, flue gas extraction and the air injection which is
necessary as oxidizing in the combustion. The machines present in the moleria sector
have a negligible electricity consumption compared to the systems just cited, therefore
their contribution as concerns electricity is not considered in this study.
Similarly, the consumption of water is not relevant since it is not used in the production
cycle or in the flue gas treatment. Only a bucket of water a week is used to cool down
the working tools during the processing of glass.
Furthermore, raw materials to produce glass are abundant in nature for the most part,
while other components like sodium carbonate or sodium sulfate are obtained by
chemical processes. Heavy metals and rare earth elements, required respectively for the
manufacturing of colored glass and clear glass, are the only exception. However, they
represent only a minimal part in the whole mineral mixture used in the melting.
As regards the atmospheric emissions, it is provided a list of the principal pollutants,
generated mainly during the melting process:
•

Total dust
They are partially caused by the movement of fine fractions present in the
mineral mixture, but most part is caused by the evaporation phenomena of
volatile substances in the molten mass. These substances re-condense with the
cooling down of flue gases. Since the artistic glass has a sodic-calcic
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composition, the emitted dust is composed up to 95 % by sulphates of Na, K,
Ca, Mg which are characterized by a fine granulometry: approx. the 80% is
inferior to 2 µm.
The dust composition can change significantly in case of flue gas treatment
with dry sorbents injection system. The quantity and quality of total dust
depend strictly by the amount and typology of alkaline reagents implied;
•

Nitrogen oxides
They can have two different origins:
✓ Oxidation at high temperature of the nitrogen present in the combustion
air;
✓ Decomposition of alkaline nitrates eventually present inside the
vitrifiable mixture.
The principal parameters that influence the emission of this pollutant are: the
excess of air in the combustion, the temperature of the preheating of air, the
flame temperature and the residence time at high temperature. In addition, NOx
concentrations change with the kind of furnace and the combustible used (in
Italy it is used only natural gas).
Nitrogen oxides are constituted for the 90-95% of NO and 5-10% of NO2;

•

Sulphur oxides
Similarly to NOx, they can have two different origins:
✓ Oxidation of Sulphur contained in combustible oil;
✓ Decomposition of raw materials containing Sulphur, as fining agents.
Likewise, the use of glass cullet in the raw materials can lead to a greater
emission of this pollutant. Since glass waste has been already melted, it presents
a greater saturation rate of SO3 compared to new glass.
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Sulphur oxides are constituted for the 92-95% of SO2 and for the 5-8% of SO3;
•

Heavy metals
Heavy metals are pollutants of high concern specifically for the artistic glass
sector. They are mixed together with the mineral mixture to obtain one or more
desired colors. The common elements detectable in air emissions are cadmium,
arsenic, chromium, lead, nickel, selenium, cobalt, antimony;

•

Chloride gas, HCl
This pollutant is caused only by the presence of impurity in raw materials, more
specifically from sodium carbonate. This compound is obtained with the Solvay
process in which it is used the sodium chloride. As for SOx, glass waste used in
combination with raw materials can increase the emission for this pollutant;

•

Fluoride gas, HF
The emission of this gas depends only by impurities present in washed sand,
dolomite and glass waste, used as raw materials.
It becomes relevant in the opal glass production since compounds containing
fluoride are used to give opalescence to the glass. [10]

In the combustion process natural gas is used as combustible. Due to this, during the
phases other than the melting, the only pollutant emitted is carbon dioxide. Therefore,
the melting phase is characterized by the most relevant impact emissions together with
an high energy consumption due to the high temperature required for the combustion.
In the analysis of this thesis, it is assumed a stoichiometric regime in the combustion
process.
Finally, the solid wastes produced during the production cycle are mainly recycled as
raw materials when possible. Clear and mono-colored glass can be completely remelted, while colored glass is considered a special waste thus it is sent to landfill for
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inert material. Other relevant wastes derive from the maintenance of furnace of the
refractory material, as well as sludge produced during the moleria processing. Similarly
to colored waste glass, sludges derived from the moleria sector are sent to landfill as
special waste.
In this study, wastes produced during the maintenance are not considered.

3.9. Flue gas treatment
The best available techniques (BAT) concerning the treatment of the flue gas for the
glass sector are listed inside the corresponding BREF document (Reference Document
on Best Available Techniques in Common Waste Water and Waste Gas Treatment). The
available technologies for the control of solid and gaseous emission are divided in:
✓ Primary intervention, the aim is to prevent the formation of pollutants;
✓ Secondary intervention acted to the reduction of pollutants emission.
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For the main pollutants it is provided a list with the corresponding BAT in accordance
with the BREF document, focusing on the points of interest for this study:
•

Dust (primary intervention in table 6):
Table 6 primary interventions for dust

Primary interventions for the melting phase
Use of sodium carbonate with low content of NaCl
Use of glass cullet with low content of volatile compounds (fluorides,
chloride, heavy metals)
Use of raw materials with low content of volatile compounds (sulphates,
boron, fluorides, chlorides)
Use of methane-BTZ as combustible
Increasing of glass waste use to lower the temperature

The secondary interventions are based on filtration of flue gas through the
implementation of different techniques.
Generally, the use of an electrostatic precipitator is indicated for big factories
with a production capacity greater than 200-250 t/day. The advantage of this
technology is the possibility to operate with relatively high temperature of the
flue gases (350-400°C) without the implementation of a cooling-down system.
Normally, this technology requires a pre-treatment with alkaline reagents to
neutralize the acid gases in order to avoid damages. The addition of dry sorbent
reagent lead to an increase of the total dust emitted. The removal efficiency
ranges between 70-90% with output concentrations between 20-50 mg/Nm3.
For small to medium factory, baghouse system is suggested. The operative
conditions range between 150-210°C, therefore for some applications a coolingdown system for flue gases may be required. In order to avoid damages derived
from the condensation of acid gases, it is necessary the injection of alkaline
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reagents before the baghouse. One advantage of this technology is the
increasing of acid gas neutralization by alkaline reagents that keeps going inside
the baghouse. The removal efficiency ranges between 95-99% with output
concentrations between 5-30 mg/Nm3.
For some application also a wet scrubber can be implemented, but its
application is limited to small factory (for high quality of glass).

•

Nitrogen oxides (primary intervention in table 7), NOx
Table 7 primary intervention for NOx

Primary interventions
Reduction of the excess of air by regulation to stoichiometric coefficient,
sealing of burner blocks, maximum possible closing of the firebox
Burner with low emission of NOx

The secondary interventions for the removal of NOx are mainly the SNCR and
SCR.
SNCR (Selective Non Catalytic Reduction) is a technology which uses
ammonia to reduce pollutants into nitrogen and water. The reaction requires
temperature between 850-1100°C which represents a big issue for the
implementation of this technology. The removal efficiency ranges between
50-70%, SNCR does not need a pretreatment with alkaline sorbents.
SCR (Selective Catalytic Reduction) system uses ammonia injection combined
with the presence of a catalyst (based on Va and Ti oxides or zeolites). The
operative temperature ranges between 300-400°C and a pretreatment for the
dust removal is required to prevent the choking of the catalyst. This technology
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is expansive and does not combine with the baghouse system that functions
with a lower temperature. The removal efficiency ranges between 70-90%.
Ammonia storage needs a security system and the overdosing of reagent can
lead to output emission of unreacted ammonia.
•

Acid gases, SOx, HCl, HF
Primary interventions consist in the selection of raw material and glass waste
with low contents of sulphur, chloride and fluoride. Sulphur is present usually
in combustible oil, in fining agents and in colorants, while chloride and fluoride
are found in sodium carbonate, sand and dolomite.
Secondary interventions are based on the injection of alkaline reagents with dry
or semi-dry system inside of the flue gas. The neutralization process of acid gas
takes place inside the baghouse in which the contact between pollutants and
reagents is enhanced. The reaction produces salts that are mixed together with
the dust. The most used reagents are sodium bicarbonate and hydrated lime. The
reagents have different removal efficiency depending on the kind of acid gas.
[10]

The flue gas treatment system of the two furnaces analyzed in this study is composed
by fabric filters combined with the injection of alkaline reagents. None of the two
furnaces presents a system for the cooling-down of flue gases. The reagent used by the
furnaces is calcium hydroxide, which is dosed in an automatic way through a screw
conveyor. The baghouses are equipped with a jet pulse system designed for the
cleaning of the filter. The periodic maintenance of the filter is scheduled once a year
and the waste dust are sent to landfill. In the production of hollow glass, the waste dust
is used as raw material. This is not possible for the artistic glass production since it
would reduce the quality of the final product. The calcium hydroxide is injected
directly in duct right before the baghouse. In this way, the neutralization reaction of
acid gases takes place also inside the filter where the reagent comes into contact with
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the acid components, thanks to the presence of the dust cake. Waste salts are produced
in dry form as results of the reaction which together with dust are sent to landfill.

The reactions involved are:

Ca(OH)2 + 2HCl

CaCl2 + 2H2O

Ca(OH)2 + 2HF

CaF2 + 2H2O

competitive process
Ca(OH)2 + CO2

CaCO3 +

H 2O
Ca(OH)2 + SO2

CaSO3 + H2O

The temperature range to optimize the neutralization process is between 120-150°C for
the hydrated lime. The excess reagent required compared to stoichiometric coefficients
ranges between 1.5-2, but lower values may be necessary in case of spray dry system.
The pictures of the baghouse and the dry system injection of G&T and Effetre are
showed in figure 10.
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Figure 10 baghouse systems, G&T and Effetre furnaces

It is possible to notice that the flue gas treatment of both furnaces corresponds to the
Best Available Techniques referred to the glass sector. In this analysis, all the output
concentrations for pollutants are taken directly from the BREF document which
provides a range of values for each BAT. In this LCA analysis it is adopted the middle
value of the range as shown in table 8. Since both Effetre and G&T use nitrates in the
mixture, as regards NOx output, it is adopted the value of 3 kg/tmolten glass as indicated in
the BREF document.
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Table 8 BAT for output concentrations of pollutants [10]

Pollutants

Reference

mg/Nm3

BAT
Dust

Fabric filter

SO2, natural gas

Dry sorbent
injection

HCl

Dry sorbent
injection

HF

Dry sorbent
injection

Heavy metals,
(As,Co,Ni,Cd,Se,CrVI,Sb,Pb,CrIII,Cu,Mn,V,Sn)

Fabric filter

Adopted value
mg/Nm3

<10-20

15

<200-500

350

<10-20

15

<1-5

3

<1-5

2

3.10.Moleria sector
Once the annealing process has been completed, the glass is ready for the finishing of
the product inside the moleria. Moleria is the last section of the production cycle, after
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which the goto can be sold and delivered. The main processes which are performed
inside this section are the polishing and luster of glass. During operation, all the
machineries use water in combination with other compounds and, as a consequence,
sludges are produced as byproducts. Since this typology of waste may contain heavy
metals, they are classified as hazardous material in accordance with the European List
of waste (LoW) and consequently they need to be sent to landfill. More detailed
information about solid waste produced by the functional unit are provided in the
paragraph ‘waste to landfill’.
After annealing process, the first machine that is used is the cutter (figure 11). It is
composed by a rotating diamond disk which is needed to cut hard material like glass.
The top and the bottom of the goto (puntello and bocca) are cut in order to give the
desired shape to the glass. After the operation, the cut surface is coarse and present
many imperfections, thus other machines are necessary for the finishing of glass.

Figure 11 cutting machine for glass
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The machineries used for polishing processes are:
•

Spiana, it is a smoothing machine composed by an iron rotating disk on which it
is poured a powder of emery stone in order to improve the polishing and obtain
a better uniformity of the glass;

•

Belt grinding, this machine is characterized by a vertical tape of sandpaper for
the external surface of the glass and by a diamond plate for the inner part. It is
needed to improve the smoothing of the material after the Spiana;

•

Diamond wheel, this device is made by a rotating diamond disk, necessary to
ultimate the polishing of glass;

Pictures of these machines are present in figure 12 and 13.

Figure 12 Spiana and belt grinding for external surfaces
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Figure 13 belt grinding for internal surfaces and diamond wheel

Moreover, the machineries used for the luster are:
•

Disk in cork, this rotating disk made in cork is used in combination with a
mixture of pumice stone powder and water. In addition to luster, this device is
needed also to remove residual imperfections present on glass as scratches.

•

Wite-out, it is made by a rotating disk of towels that is used in association with
a paste of water and Cerium. This last process is needed to shine the glass and
remove opacity. During the functioning of this unit, the worker must wear a
protective mask due to the toxicity of the implemented paste.

Photos of these machines are provided in figure 14.
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Figure 14 cork disk and wite-out

Finally, in the moleria it is present a drill equipped with diamond tips, if it is necessary
to pierce the glass, and a sandblaster which is needed for the glazing of surfaces.

3.11.Assumptions and hypothesis
Due to the complexity of the whole life of a product, assumption and hypothesis must
be adopted in order to simplify the model of the life cycle. The practitioner has to select
the materials and processes which have a relevant contribution to the whole impact of
the product. A deep analysis of each component and process is undeniably the most
complete approach for a life cycle analysis. However, it is clear that it implies a huge
investment of time and resources, without counting that sometimes data are hardly or
even impossible to collect. Thus, it is up to the LCA analyst to decide which processes
must be included in the analysis and which one has to be neglected.
In this thesis it is used the technological extended life cycle approach which means that
also impacts from extraction of raw materials are taken into account. On the contrary,
building and maintenance of equipment and capital goods required for the manufacture
of the product are not considered.
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As regards the origin of materials, only components that have a fraction greater than
1% of the total mass of the mineral mixture are investigated.
To model the extraction processes, pre-existing data from ELCD and Ecoinvent
libraries are used when available. These materials are sand, calcium carbonate and
hydrated lime.
Furthermore, it is considered a stoichiometric reaction for the combustion process, as
explained in the paragraph ‘combustion’.
Regarding G&T furnace, the year 2018 has been selected as reference period for the
electricity, natural gas and hydrated lime consumption, as well as sludge, waste glass
and exhausted lime production.
In the calculation, all the electricity consumption of G&T is allocated only to
ventilation and extraction system of the furnaces (muffle and crucible) while the
contribution of the moleria is assumed negligible.
Since the functional unit is defined as the yearly production of goto, for calculations it
is considered a working period of 305 days and in the remaining 60 days the furnace is
considered closed. This assumption is accurate for the year 2018, data are illustrated in
the inventory analysis.
For the allocation problem between Laguna B and G&T of the furnace maintenance
phase, it is applied a criterion based on mass ratio on a yearly basis, calculations are
reported in the paragraph ‘Allocation’.
For the crucible furnace, consumption data from literature are used while for the muffle
are theoretically estimated.
Finally, the landfill considered in this study is De Zuani Ecologica. It is assumed a
distance of 47 km where the first sevens are covered by barge ship and the remaining
by refuse truck.
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As regards Effetre, allocation problem for the furnace maintenance is not considered
due to the disparity between Laguna B and Effetre production.
Moreover, one assumption is to consider murine made up of eight different triplets of
colors, which are the same of the goto.
Consumption data for Effetre furnaces have been provided directly by the factory,
while the relatively electricity consumption of the ventilation and extraction system is
taken from the ENEA’s survey [13].
As concerns both furnaces, atmospheric emissions different from CO2 are attributed
only to the melting phase.
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4. INVENTORY ANALYSIS
The inventory analysis phase is the core of a life cycle assessment study. In this chapter
all the data of the F.U. production cycle are provided and all the processes are defined.
Data for consumption of raw materials, natural gas and electricity are discussed in
detail, paying attention to the definition of parameters adopted in calculations. Real
consumption data from furnaces are then compared to their theoretical estimations
when possible, in order to check the validity of the results. Finally, the chosen criteria
used to deal with allocation are explained and all the material flows are quantified.

4.1. Data collection for the functional unit
The life cycle analysis implemented in this thesis covers a period of one year and the
functional unit under study is the yearly production of large goto. In order to define the
functional unit, data from Laguna B regarding the number of sold products of the years
2017, 2018 and 2019 have been considered, as shown in table 9.
Table 9 yearly production of goto

Large Goto

2017

2018

2019

Mean

Number of sold products

319

433

628

460

In this study, eight different variants of colors are considered. Consequently, the
functional unit has been defined as 480 goto/year (table 10) in a way that each class of
color contains the same number of goti (60 glasses for color). The reason behind this
choice is to compare the environmental performance of the different variants of goto so
as to find out which one is the most impactful.
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In order to measure the weight of each component, 80 goti, 150 sticks and 190 murine
have been weighted with a precision scale. The average values of weights have been
used as input data in the analysis. As regards clear glass, it was not possible to measure
directly the quantity necessary to produce one goto, since it is incandescent during the
goto crafting.

Therefore, it has been estimated by subtracting the weights of

components present in table 11 (murine, sticks, powder, grits) to the total of the goto. In
this calculation it is considered also the quantity of waste glass produced during the
manufacturing of the goto. In the handcrafting process, the 10% of the mass of clear
glass is lost as waste. In table 12 the main parameters of the production cycle are
defined. It is recalled that to produce one goto, 9 murine and 5 glass sticks of random
colors are necessary.
Table 10 functional unit definition

F.U. (functional unit)

480 goto/y

Table 11 goto, murine, sticks weights

Component

Average weight, g

Goto

240

Murina

4.7

Glass stick

0.6
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Table 12 functional unit parameters

Component

Component weight

Yearly weight

wi [g/goto]

Wi = wi * F.U. [kg/y]

240

115.2

Clear glass

187.3

89.904

Murine

42.3

20.304

Glass sticks

3

1.44

Grits

26

12.48

Glass powder

8

3.84

Goto

wcg = wgoto – wm – wgs – wgp -wg + processing waste

Processing waste = (0.1 * Wi )/F.U.

4.2. Data related to raw materials
In this analysis, the environmental impacts deriving from extraction and transportation
of raw materials are included when data are available. In this way, it is possible to
obtain a general framework of all the processes and materials which are upstream of
the production cycle. Indeed, impacts related to raw material extraction and processing
must be allocated to the final product, in order not to neglect or underestimate
environmental modifications that occur upstream of the production cycle.
The vitrifiable mixture is made up by several components which are blended with
precise proportions. The combination of minerals used in the mixture can change,
depending on the typology of glass to be produced.
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As regards G&T furnace, in table 13 it is illustrated the composition of the mineral
mixture and the functions of each element that are required to produce clear glass.

Table 13 mixture composition, G&T

Components

Mass fraction %

Molecular formula

Agent

mi/mtot
Silica

62.24

SiO2

Overglaze

Sodium carbonate

20.32

Na2CO3

Melting

Calcium carbonate

7.05

CaCO3

Stabilizer

Sodium nitrate

4.98

NaNO3

Fining

Potassium carbonate

3.73

K2CO3

Melting

Boric acid

0.83

H3BO3

Stabilizer

Antimony trioxide

0.83

Sb2O3

Fining

Neodymium trioxide

0.012

Nd2O3

Bleach

Erbium trioxide

0.008

Er2O3

Bleach

As concerns Effetre, the composition of the vitrifiable mixture used to produce murine
canes and sticks is shown in table 14. The composition data have been provided by the
furnaces.
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Table 14 mixture composition, Effetre

Component

Mass fraction %

Molecular formula

Agent

mi/mtot
Silica

60.00

SiO2

Overglaze

Sodium carbonate

21.00

Na2CO3

Melting

Calcium carbonate

7.50

CaCO3

Stabilizer

Sodium nitrate

3.00

NaNO3

Fining

Potassium carbonate

2.75

K2CO3

Melting

Borax

3.50

Na2B4O7•10H2O

Stabilizer

Cryolite

1.75

Na3AlF6

Matting

Sodium sulphate

0.50

Na2SO4

Fining

In this study, the extraction of raw materials is modelled by using preexisting processes
present in SimaPro. These data are available only for silica and calcium carbonate and
they are included in Ecoinvent and ELCD libraries.
The raw materials are purchased by Icb srl from different companies and then are
delivered to the Murano furnaces. The company headquarter is located in Venice and
the distance from Murano is estimated to be 7 km. The goods are loaded on two barge
ships each with a load capacity of 20 t, that are fitted with a crane and a machine for
the movement of the pallets. The ships are powered by diesel engines of 60 hp.
The transport phase from the extraction to Icb headquarter is considered only for the
components that have a mass fraction greater than 1%.
The origins of each component and the related distance from the factory are
summarized in table 15.
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Table 15 origins of raw materials

Component
Silica

Origin

Distance to Icb

Transportation

Fontainebleau

1105 km

Freight train, 1100 km
28 t truck, 5 km

Sodium carbonate

Rosignano

350 km

28 t truck

Calcium carbonate

Sacile

70 km

28 t truck

P o t a s s i u m

Volterra

320 km

28 t truck

Sodium nitrate

Ravenna

140 km

28 t truck

Cryolite

Treviglio

225 km

28 t truck

Borax

Rotterdam

1270 km

25 t truck

carbonate

Heavy metals are necessary to produce colored glass and for this scope they are added
to the mixture in precise quantities. In table 16 it is reported a list with the mass
fraction of the metal needed to produce mono colored glass, in particular canes and
grits.
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Table 16 mass fractions of heavy metals

Metal

Red

Orange Cobalt Green Yellow

Pink

Black

skylight

Mass fraction, mi/mtot

Cadmium

0.7

0.7

-

-

0.08

-

-

-

Selenium

0.01

0.008

-

-

-

0.024

-

-

Cobalt

-

-

0.650

-

-

-

-

-

Copper

-

-

-

1.8

-

-

-

1.5

Chromium

-

-

-

1.5

-

-

-

-

Manganese

-

-

-

-

-

-

20

-

Differently from canes and grits, murine can be composed by 2 or more colors,
however in this thesis only the same colors of goto are analyzed. One simplification is
to consider murine made up by 3 colors with 8 variants in total, in such a way that all
the possible combinations are covered. Moreover, murine are considered composed by
3 colors in equal proportion. In table 17 it is present a list of the mass fractions of
heavy metals added to the mixture to obtain the desired color triplet.

81

Table 17 mass fractions of heavy metals

Combination

Cd

Se

Co

Cu

Cr

Mn

Mass fraction, mi/mtot

of Colors
Red
Orange

0.46

0.006

0.216

-

-

-

0.026

0.008

-

0.6

0.5

-

0.23

0.003

-

0.5

-

6.6

0.23

0.0026

0.216

0.6

0.5

-

0.026

-

0.216

0.6

0.5

-

0.026

0.008

-

0.5

-

-

0.46

0.0056

-

-

-

6.6

-

0.008

-

0.5

-

6.6

cobalt
Green
Yellow
pink
Black
Skylight
Red
Orange
Cobalt
green
Cobalt
Green
yellow
Yellow
Pink
skylight
Red
Orange
black
Black
Pink
skylight
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Heavy metals are required in related low concentration inside the vitrifiable mixture,
with the only exception for the black color that needs manganese up to the 20 % in
mass. The triplet of colors that requires the majority of different heavy metals is orange
cobalt green.

4.3. Consumption data related to the furnaces
The artistic glass sector is characterized by a high energy requirement in terms of
natural gas. Natural gas is needed as combustible to reach high temperature in order to
achieve the melting point of the vitrifiable mixture. In such a context, the energetic
efficiency of the furnaces is a fundamental parameter that must be maximized.
Nowadays, the new technology allows a reduction in terms of natural gas consumption
thanks to:
•

the implementation of automatic control system of combustion, that enables to
maintain the combustion process close to the stoichiometric reaction;

•

a more insulated structure, to avoid unwanted heat losses;

•

heat exchanger in order to recover the waste heat of the flue gas.

A survey carried out by ENEA (Ente per le Nuove tecnologie e per l’Ambiente) in 2016
has allowed to draw a picture of the current state of the technology inside the artistic
glass sector. The research showed that:
•

the 55% of day tanks furnaces are equipped with both automatic combustion
and heat exchanger, while only the 9% is devoid of both the systems;

•

the 54% of crucible furnaces are devoid of both automatic combustion and heat
exchanger, while only the 14% is equipped with both the systems. [13]
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As regards G&T, the crucible furnace with a capacity of 350 kg has neither automatic
control of combustion nor heat exchanger, thus it is considered ‘obsolete technology’.
For Effetre, the crucible furnace of 300 kg capacity presents the same technology than
the one of G&T, whereas the crucible furnace of 800 kg is provided with an automatic
combustion system.
For the furnace consumption, data for G&T are taken from the ENEA’s survey, while
for Effetre they have been provided directly from the factory.
Consumption values adopted for the 350 kg crucible furnace are listed in table 18, the
following relation has been used to convert Sm3 to Nm3:

Nm3 =0.9479* Sm3 [14]

Table 18 natural gas consumption, G&T crucible furnace [13]

Consumption data crucible furnace, 350 kg
Temperature

Finishing

Melting

Working

Maintenance

°C

1400

1400

1100

1150

Sm3/h

25

30

14

12

Nm3/h

23.70

28.44

13.27

11.38

As regards the two crucible furnaces of Effetre, consumption data are shown in table
19. The factory has provided directly the consumption of natural gas necessary to melt
and process the glass, values are given in specific consumption for kg of glass
produced before the processing. The melting phase of Effetre furnace lasts 12 hours
and reaches a maximum temperature of 1400°C.
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Table 19 consumption data of furnaces, Effetre

Melting and working
Gas consumption

Sm3/kg

Sm3

Nm3/kg

Nm3

Crucible, 300 kg

1.95

585

1.85

554.52

Crucible, 800 kg

0.85

680

0.81

644.57

Considering that the analysis covers a period of one year, the duration of each phase for
G&T furnace has been estimated by assuming an off period of 60 days. As a
consequence, the period of activity covers 305 days which correspond to 43.57 weeks.
During the week, the furnace is active from Monday to Friday for 8 hours a day,
therefore the total working days in a year are 217.85 days. During the remaining 16
hours of the day, the furnace is set up to the maintenance temperature. G&T furnace
makes one fusion a week on Friday evening, that lasts 8 hours in total, in order to have
the molten glass ready for Monday. Consequently, the total number of fusions made in
a year are 43.57.
All the duration of phases for the crucible furnace of 350 kg capacity are summarized
in table 20.
Table 20 consumption and duration of different phases, crucible furnace 350 kg

Crucible

Yearly

Hourly

Phase

Yearly

duration

consumption

consumption

consumption

h

Sm3/h

Sm3

Sm3/y

Maintenance

5229

12

-

62748

Melting

348.6

30

240

10457

Working

1742.8

14

112

24399

Total

7320.4

-

-

97604

350 kg
Phase
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For the years 2017, 2018 and 2019, G&T furnace has provided its consumption data of
natural gas. The year 2018 has been selected as reference since the closing period of the
furnace corresponds to the assumptions made in this study. Values are illustrated in
table 21.
Table 21 real consumption values for the year 2018, G&T furnace

Month

Monthly

Month

Monthly

consumption, Sm3

2018

consumption, Sm3

January

5217

July

9409

February

12477

August

5

March

10359

September

7737

April

10040

October

11288

May

9545

November

10615

June

8919

December

10585

2018

Total consumption

106193

Looking at the data in table 21, it is possible to notice that the furnace was completely
off in August and partially closed in January.
In tables 18-20, the gas consumption related to the two muffles of G&T furnace are not
included. Since there are not literature data available, consumption data for this
typology of furnace have been estimated theoretically. The muffles work every other
day for 9 hours a day: the first hour air is preheated at 900°C and the following 8 hours
it is kept a temperature of 800°C. Muffles are operative when the furnace is open,
consequently an active period of five days a week is considered in the same way as the
working phase of the crucible furnace.
To estimate the muffle consumption on a yearly basis, yearly consumption values from
tables 20 are considered. It has been used the relation:
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Yearly consumption muffle = total consumption 2018 – maintenance – melting – working

The muffle has a rectangular basis that measures 3.6 m in length and 1.4 m in
thickness, resulting in a surface of 5 m2. During the annealing process, goti are
disposed upside down, paying attention not to place them too close each other. The area
covered by a goto has been approximated to 0.01 m2 (goto radius measures 9 cm), thus
for each application of the muffle up to 500 goti can be placed inside. Since the
functional unit consist in 480 goti, one full annealing process is necessary to cover the
yearly production of goti. Values for the muffle are summarized in table 22.

Table 22 consumption data of muffle furnace

Muffle furnace

Annealing

Yearly

Hourly

Phase

Yearly

duration

consumption

consumption

consumption

h

Sm3/h

Sm3

Sm3/y

1960.65

4.38

39.42

8587.65

4.4. Electricity consumption
In the glass sector, electric motors are mainly used for the aspiration system of flue
gases which operates 24 hours a day.
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Other applications are compressors for air injection in the furnace, fans and
machineries of the moleria section. These utilities are operative during the working
hour of the furnace (8 h), thus they have a limited contribution on the total electricity
consumption.
In this thesis the electricity consumption derived from the moleria section is not
considered due to its marginal importance compared to the aspiration system.
Moreover, for Effetre the electricity requirement is split equally among the two crucible
furnaces, while for G&T it is divided between the muffle and the crucible furnaces. In
the same way of the natural gas, the year of reference for the electricity consumption is
2018, real data for G&T furnace are illustrated in table 23.
Table 23 electricity consumption 2018, G&T data

Month

kWh

Month

kWh

2018

2018
January

1465

July

1809

February

1993

August

453

March

2178

September

1568

April

1914

October

2121

May

1846

November

2128

June

1828

December

2034

Total consumption

21337 kWh

Looking at the data, the months with the lower consumptions are January and August,
which correspond to the closing period of 60 days assumed in this thesis. As told
before, the consumption needs to be split over the muffle and the crucible furnaces. In
order to do that, the total yearly electricity consumption is divided for the sum of the
yearly operative hours of the muffle and the crucible furnace (maintenance, melting,
working, annealing phases), resulting values are provided in table 24.
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Specific

electricity

consumption

=

electricit y consumption, 2018
yearly duration, annealing + total yearly duration, cr ucible

Table 24 specific electricity consumptions of crucible and muffle furnaces, G&T

Total

Yearly hours

Yearly hours

Yearly hours

Specific

consumption

muffle

crucible

muffle and

consumption

crucible

2018
kWh

h

h

h

kWh/h

21337

1960

7320

9280

2.3

Since the aspiration system is the same, the specific electricity consumptions of the two
typologies of furnaces are assumed equals.
In table 25 yearly electricity consumptions for each phase of the crucible furnace and
the muffle are summarized. It is outlined that the estimation of the total yearly
electricity consumption is almost equal to the real value (21346 kWh ≈ 21337 kWh),
which means that the assumption of 60 days of closing period in the 2018 is accurate.
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Table 25 electricity consumption of each production phase

Yearly duration

Specific el.

Phase el.

Yearly el.

h

consumption

consumption

consumption

kWh/h

kWh

kWh

Phase

Maintenance

5229

2.3

-

12026.7

Melting

348.6

2.3

18.4

801.78

Working

1742.8

2.3

18.4

4008.44

Annealing

1960.65

2.3

20.7

4509.49

9280

-

-

21346

Total

As regards Effetre, specific consumption data are taken from the ENEA’s survey,
values are illustrated in table 26. Electricity consumption values for Effetre furnaces
are defined in table 27.

Table 26 electricity consumption data from ENEA's survey [13]

Year

SC on glass before processing, kWh/t

2011

722.37

2012

759.51

2013

487.21

Average

656.36
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Table 27 electricity consumption of Effetre furnaces

Electricity specific

Melting and working

consumption

electricity consumption

kWh/tmolten glass

kWh

Crucible, 300 kg

656.36

196.91

Crucible, 800 kg

656.36

525.09

Effetre

The significative difference between electricity consumption values between Effetre
and G&T is due to the maintenance contribution since for Effetre the furnace
maintenance is included, while for G&T it is considered distinctly.

4.5. Allocation
Since Laguna B glass production is made inside G&T factory, the allocation problem
regarding the maintenance phase of the furnace occurs. The natural gas consumption
and the related environmental impacts of this phase must be allocated between the two
factories, from the moment that the furnace is shared between Laguna B and G&T.
In order to do that, the yearly production of large goto has been compared to the total
production of G&T furnace. Each glass product is characterized by a unique
processing, as a consequence different quantities of waste are produced during the
handcrafting depending on the kind of object. For this reason, the comparison between
Laguna B and G&T production is not made by referring to final product weight but to
clear glass quantity before the processing. In this calculation it is not considered the use
of glass waste as raw materials.
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To define the yearly clear glass production of G&T, for years 2017 and 2018 the
average quantity of sand purchased by the factory have been considered, data are
shown in table 28.
Table 28 data of purchased sand, G&T

Year
Purchased sand

2017

2018

Average

4400 kg

5100 kg

4750 kg

The sand constitutes the 62.24% of the total weight of the vitrifiable mixture, therefore
the remaining 37.76% is composed by other components (as discussed in the raw
material paragraph, data from table 13). It is recalled that the vitrifiable mixture loses
the 17% of its mass during the melting process, as shown in table 29.
Table 29 average yearly production of clear glass, G&T

Sand
kg/y
4750

Other components

Mineral mixture

Clear glass

kg/y

kg/y

kg/y

2851

7601

6309

As regards Laguna B, the quantity of clear glass necessary to produce the functional
unit is 89.904 kg/y, as described in table 12. Now that all parameters have been
defined, it is possible to calculate the allocation ratio for the two factories:

Allocation ratio =

yearly clear glass for F . U production 89.904
=
=
6309
yearly clear glass production, GT
0.014 %
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This parameter indicates the contribution of the F.U. on the total production of G&T
furnace. In this way, it is possible to define the natural gas and the electricity
consumption of the maintenance phase that must be allocated to the functional unit
(table 30).
Table 30 yearly gas and electricity consumption allocated to F.U., maintenance phase

Yearly gas

Yearly el.

Natural gas

Electricity

consumption

consumption

consumption F.U.

consumption F.U.

maintenance

maintenance

maintenance

maintenance

kWh/y

Sm3/y

kWh/y

12026.7

878.47

168.37

Sm3/y
62748

As concerns Effetre, allocation for the maintenance phase has not been considered in
this study due to the great disparity between glass production from the furnace and
Laguna B material requirement for F.U. Taking into consideration 2018 as reference
year, Effetre furnace produced 23000 kg of murine, 105000 kg of canes and 190000 kg
of grits. It is evident that a comparison with values shown in table 12 (20.3 kg of
murine, 1.44 kg of canes, 12.48 kg of grits) regarding the functional unit production
would be totally meaningless, therefore it has not been investigated further in this
study.

4.6. Waste to landfill
The European List of Waste (LoW) is the list of the waste classification codes based on
the standard 75/442/CEE. These codes are sequential numbers composed by 6 digits
arranged in couple and generally each sequence identifies a waste starting from its
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original production process. The first two numbers are referred to the chapter, while the
second couple (subchapter) defines the production process.
Nowadays, there are three kinds of codes:
•

‘absolute hazardous entries’, this kind of wastes is hazardous without any
further assessment, the code is marked with an asterisk;

•

‘absolute non-hazardous entries’, this kind of waste are non-hazardous without
any further assessment, no asterisk is present in the code;

•

‘mirror entries’, waste from the same source might be allocated to a hazardous
entry or to a non-hazardous entry. The classification depends on the specific
case and the composition of waste. [15]

The waste deriving from the glass manufacturing, the flue gas treatment and the
moleria section are all included in the subchapter 10 11 which includes glass products
and waste coming from the glass processing. Classification of waste is shown in table
31.
Table 31 waste classification

Code

Description

Typology

Waste

Hazardous entries

-

Waste glass in particles and
10 11 11

glass powder containing heavy
metals

10 11 12

Waste glass from

Waste glass, different from the

Mirror entries

ones in code 10 11 11

processing,
multicolored

Sludge deriving from the
10 11 13

polishing and grinding of glass,
containing hazardous

Hazardous entries

substances
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-

Sludge deriving from the
10 11 14

polishing and grinding glass,
different from the ones in code

Sludge deriving
Mirror entries

from the moleria
section

10 11 13
Solid waste deriving from the
10 11 15

flue gas treatment, containing

Exhausted lime
Hazardous entries

from baghouse

hazardous substances

filter

Waste derived from the artistic glass sector are classified as hazardous waste, since
heavy metals are used during their processing. For this kind of waste, the standard
requires the final disposal and does not indicate any recoveries or treatment processes.
The chosen disposal site in this study is De Zuani Ecologica, a landfill located in
province of Padua equipped for the disposing of hazardous waste.

The distance from Murano is 47 km and the assumed transportation of waste to the
landfill site is defined as:
•

7 km by barge ship;

•

40 km by refuse truck.

During the working of glass, wastes in different quantities are produced depending on
the kind of product that is made. Generally, glass is a completely recyclable material
with the exception for multicolor objects, since their re-melting together with the
mixture would affect negatively the final quality of the products. On the contrary, mono
colored glass can be melt many times to produce new material of the same color, thus
no solid waste caused by canes and grits production are sent to landfill.
In table 32 data for the different glass objects on the waste production are illustrated.
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Table 32 yearly waste production due to goto manufacturing, Laguna B

Waste in glass

Produced glass

Produced

processing

for the

waste

mass fraction

F.U.

F.U.

%

kg/y

kg/y

Murine

25

20.30

6.77

Canes

15

1.44

0.25

Grits

7.5

12.48

1.01

Goto

10

115.2

12.8

Component

End of life

Landfill
Recycle as raw
materials
Recycle as raw
materials
Landfill

In the same way of electricity and gas consumption, for sludge and exhausted lime
production the chosen year as reference is 2018. Data from G&T furnace regarding the
waste production are illustrated in table 33.

Table 33 data of waste production, 2018 G&T

Solid Waste, 2018

Produced waste, kg/y

Sludge from polishing and smoothing

148

Exhausted lime

239

To estimate the dosage of hydrated lime some aspects have been considered (table 34):
•

Hydrated lime is used only during the melting of the mixture, since on all the
other phases just natural gas is burned, without emissions of other pollutants
different from carbon dioxide;
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•

It has been considered the total yearly volume of natural gas required for the
melting phase, value is taken from table 20;

•

In the year 2018, G&T furnace has purchased 350 kg of hydrated lime.

Table 34 hydrated and exhausted lime for year 2018, G&T

Gas for melting
Q fusion, yearly
Sm3/y
10457

Gas for melting

Hydrated lime

Exhausted lime

Q fusion

HL2018

EL2018

Sm3/fusion

kg/y

kg/y

240

350

239

Rate of exhausted lime produced during melting = EL2018/ Q fusion, yearly = 22.86 g/Sm3
Exhausted lime produced during one melting = 22.86 * Q fusion = 5.49 kg/fusion
Rate of hydrated lime used during melting = HL2018 / Q fusion, yearly = 33.47 g/Sm3
Hydrated lime used during one melting = 33.47 * Q fusion = 8.03 kg/fusion

It is recalled that one assumption of this study is to adopt a frequency of 43.6 fusion a
year, consequentially:

Exhausted lime per year=(5.49 kg/fusion) * (43.6 fusion/ year)=239 kg exhausted lime/ year
This value corresponds exactly to the real quantity produced by the furnace, that means
the assumption on closing period and consumption data are correct.
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Furthermore, the sludge production from the moleria sector has been estimated by
referring to the yearly clear class produced by G&T.
The processes of moleria can change, depending on the typology of object that is
realized. However, the smoothing and polishing are done to any glass products. The
year of reference for the calculation is 2018 and the resulting parameters are
summarized in table 35.
Table 35 sludge production parameters

Clear glass

Sludge from

produced

moleria

2018
kg/y
6309

Rate of sludge Clear glass for
production

F.U.

2018

Sludge
produced for
F.U.

kg/y

g/kg

kg/y

kg/y

148

23.46

89.904

2.11
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5. RESULTS AND IMPACT ASSESSMENT
In this chapter the results deriving from the previous stages of the life cycle analysis are
discussed. Firstly, the method used for the impact evaluation is described more in
detail, defining the impact categories and the normalization sets present in the method.
Afterwards, the impact assessment results are provided and the relevant impact
categories are selected. Five of the ten categories are deeply analyzed in order to obtain
a complete framework of all the impacts deriving from the production cycle of the
functional unit. For each selected impact category, it has been investigated the
contribution of processes present in the life cycle. Then, impacts deriving from
different production phases have been compared to each other. Finally, results from
impact categories have been analyzed together and average contributions of production
phases to the global impact of the functional unit have been discussed.

5.1. Cml 2 baseline 2000
CML 2 BASELINE 2000 is the chosen method to evaluate the Functional Unit
environmental performance. This method is used mainly for environmental product
declarations, therefore the results of this analysis could be used for obtaining an
ecological label. In this life cycle assessment study, all ten impact categories of the
original method have been considered together with their reference substances, as
shown in table 36. The method includes also an optional normalization step, allowing
to choose among 4 different reference values with their related normalization factors.
Normalization sets refer to the specific environmental impacts in a country and they are
defined referring to the name of the region which are:
•

World 1990;
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•

World 1995;

•

West Europe 1995;

•

The Netherlands 1997.

However, normalization and weighting steps are not implemented in this analysis since
their results would not have significative importance. Indeed, it would be inappropriate
to compare the functional unit impacts under study with an average yearly
environmental load per inhabitants in a country. Characterization results are calculated
by multiplying each substance for a conversion factor, that depends on the
environmental load of the substance referred to the impact category. In this way, the
impact assessment result for each category are illustrated by referring to the reference
substance unit. In SimaPro software, all factors used inside the method are specified in
the characterization section.

Table 36 impact categories, CML 2 Baseline 2000

Impact categories

Unit

Abiotic depletion

kg Sb eq

Acidification

kg SO2 eq

Eutrophication

kg PO4--- eq

Global warming (GWP100)

kg CO2 eq

Ozone layer depletion (OD)

kg CFC-11 eq

Human toxicity

kg 1,4-DB eq

Fresh water aquatic ecotoxicity

kg 1,4-DB eq

Marine aquatic ecotoxicity

kg 1,4-DB eq

Terrestrial ecotoxicity

kg 1,4 DB eq

Photochemical oxidation

kg C2H4 eq
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5.2. Impact assessment results
In this study the production cycle of the functional unit has been modelled by creating
processes linked with a tree configuration, as specified in the chapter ‘Inventory
analysis’. As regards the life cycle of the functional unit, the only phase that is
considered in the analysis is the production stage. Due to its artistic nature, goto has not
a limited lifetime therefore it would make no sense to consider an end of life phase or a
possible recycle step. As a consequence, the impact assessment results are focused on
the production cycle, including also the raw material extraction and transportation. As
discussed in the previous chapters, the functional unit refers to the yearly production of
goto large, that consists of 60 glasses for each of the eight color, for a total of 480 units.
Total impact assessment results for the functional unit are illustrated in table 37, while
contributions from each color category are shown in table 38.
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Table 37 impact assessment results for each impact category, F.U.

Impact categories

Unit

Total

Abiotic depletion

kg Sb eq

35.724

Acidification

kg SO2 eq

4.079

Eutrophication

kg PO4--- eq

0.487

Global warming (GWP100)

kg CO2 eq

906.555

Ozone layer depletion (ODP)

kg CFC-11 eq

0.000

Human toxicity

kg 1,4-DB eq

106.090

Fresh water aquatic ecotoxicity

kg 1,4-DB eq

50.759

Marine aquatic ecotoxicity

kg 1,4-DB eq

138392.429

Terrestrial ecotoxicity

kg 1,4-DB eq

1.546

kg C2H4 eq

0.281

Photochemical oxidation

Looking at data in table 37, it is possible to notice that the most relevant impacts regard
the marine aquatic ecotoxicity and global warming potential categories. Other
categories that present a significative impact are abiotic depletion, human toxicity and
freshwater aquatic ecotoxicity. As concern the remaining categories, no relevant
impacts are observed therefore for acidification, eutrophication, ozone layer depletion,
terrestrial ecotoxicity and photochemical oxidation are not further analyzed in this
study.
One target of this analysis is to investigate if there are some significative differences of
impacts depending on the typology of goto produced. For this reason, it has been
considered the contribution to the total impacts of each glass color of which data are
shown in table 38. It is underlined that the production cycle of goto is constant for all
eight variants of colors and, as a consequence, some variances in the results are due to
the implementation of different heavy metals for the coloring of glass.
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Table 38 impact assessment for each class color

Abiotic

GWP100

depletion

Human

Freshwater

Marine

toxicity

aquatic

aquatic

ecotoxicity

ecotoxicity

Unit

kg Sb eq

kg CO2 eq

kg 1,4-DB eq

kg 1,4-DB eq

kg 1,4-DB eq

black

4.464

113.295

13.252

6.340

17288.361

cobalt

4.464

113.324

13.263

6.346

17300.838

green

4.464

113.319

13.261

6.345

17298.853

orange

4.470

113.323

13.263

6.346

17300.793

pink

4.464

113.325

13.263

6.346

17301.322

red

4.470

113.323

13.263

6.346

17300.792

sky

4.464

113.322

13.262

6.345

17300.190

4.465

113.325

13.263

6.346

17301.279

light
yellow

Observing data in table 38, no significant differences are present among values from
different colors. However, it is possible to notice that the pink color presents the
greatest impacts in all considered categories, except for abiotic depletion in which
orange and red colors have the highest values. On the contrary, black color present the
lowest values among all the impact categories. This can be due to the use of manganese
in the coloring process instead of other heavy metals.

5.3. Contributions of processes
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In order to better understand the production cycle of the functional unit, the
contribution of different processes to the selected impact categories have been
investigated.
Considering the global impacts of each class, all processes that contribute more than
1% of the total value are considered, while the remaining are grouped in ‘Others’.
In table 39, data regarding process contribution to Marine aquatic ecotoxicity are
presented.
In figure 15, percentages of processes contribution are illustrated which are derived
from data of table 39.
As concern marine aquatic ecotoxicity, the major contributions to the total impact
derive from the use of electricity and natural gas, necessary for the working of the
furnace. Moreover, a small contribution is provided by the transport of components and
sand by trucks and train from different sources to Murano.

Table 39 process contribution, marine aquatic ecotoxicity

Process

kg 1,4-DB eq

Total

138392.429

Electricity, medium voltage, at grid/IT S

68299.016

Natural gas, high pressure, at consumer/IT S

64433.976

Transport, freight, rail/RER S

3641.715

Transport, lorry 16-32t, EURO4/RER S

1481.492

Others

536.231
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.
0,4

Marine aqua c ecotox 1,1
Processes contribu ons
2,6

Electricity, medium voltage, at grid/IT S
Natural gas, high pressure, at consumer/IT S
Transport, freight, rail/RER S
Transport, lorry 16-32t, EURO4/RER S
Others

49,4
46,6

Figure 15 percentages of processes contributions, marine aquatic ecotoxicity

Processes contributions to the Global warming category are shown in table 40, while
their related percentages are illustrated in figure 16.
The largest share responsible for the greenhouse gases emission is the use of natural
gas necessary for the function of the furnaces, that alone covers almost the 77 % of the
total impact of global warming category. The second source of greenhouse gases
emission is the electricity consumption derived from the flue gas extraction and
ventilation system, that contributes more than the 20% of the total result. Finally, all
other processes together, including also raw material extraction and transport, have a
contribution less than 2%.

ti

ti
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Table 40 process contribution, global warming

Process

kg CO2 eq

Total

906.555

Natural gas, high pressure, at consumer/IT S

697.814

Electricity, medium voltage, at grid/IT S

195.727

Others

13.014

Global warming - Processes
contribu ons
1,4
21,6

Natural gas, high pressure, at consumer/IT S
Electricity, medium voltage, at grid/IT S
Others

77,0

Figure 16 percentages of processes contributions, Global warming

As regards human toxicity category, processes contributions are provided in table 41
and their percentages in figure 17.
For this category, contributions derived from the use of electricity and natural gas have
almost the same weight over the total impact. The transport phase of sand and other
components is not negligible since it reaches a share greater than 4 %, the remaining 1
% is due to all other processes.
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Table 41 process contribution, human toxicity

Process

kg 1,4-DB eq

Total

106.090

Natural gas, high pressure, at consumer/IT S

51.176

Electricity, medium voltage, at grid/IT S

49.175

Transport, freight, rail/RER S

2.814

Transport, lorry 16-32t, EURO4/RER S

1.844

Others

1.081

Human toxicity - Processes
1,7
contribu ons
2,7

1,0

Natural gas, high pressure, at consumer/IT S
Electricity, medium voltage, at grid/IT S
Transport, freight, rail/RER S
Transport, lorry 16-32t, EURO4/RER S
Others
48,2
46,4

Figure 17 percentages of processes contributions, human toxicity

As concerns freshwater aquatic ecotoxicity, contributions of processes to the total
impact are given in table 42 and their related percentage shares in figure 18.
The electricity consumption is the major contributor for this category, covering more
than 55 % of the total impact. Natural gas consumption reaches almost 39 % over the
total result, while transport of sand by train covers more than the 3%. The remaining
percentage is due to all other processes.
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Table 42 process contribution, freshwater aquatic ecotoxicity

Process

kg 1,4-DB eq

Total

50.759

Electricity, medium voltage, at grid/IT S

28.356

Natural gas, high pressure, at consumer/IT S

19.746

Transport, freight, rail/RER S

1.844

Others

0.813

Fresh water ecotox - Processes
contribu ons
3,6 1,6

Electricity, medium voltage, at grid/IT S
Natural gas, high pressure, at consumer/IT S
Transport, freight, rail/RER S
Others
38,9
55,9

Figure 18 percentages of processes contributions, fresh water ecotoxicity

Finally, processes contributions for abiotic depletion category are provided in table 43
and their related percentages over the total impact are shown in figure 19.
Unlike the other impact categories, for abiotic depletion almost all contributions over
the total is caused by natural gas consumption, covering alone more than 93% share. In
contrast to other categories, electricity consumption has a marginal importance with a
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contribution less than 4%. Minerals necessary for clear glass production are responsible
for a percentage close to 3%, while other processes contribute less than 1% to the total.
It is underlined that minerals and heavy metals used in the glass production have
characterization factors greater than natural gas as concern abiotic depletion.
Table 43 process contribution, abiotic depletion

Process

kg Sb eq

Total

35.724

Natural gas, high pressure, at consumer/IT S

33.304

Electricity, medium voltage, at grid/IT S

1.389

GT mixture

0.899

Others

0.130

Abio c deple on - Processes
0,4 ons
contribu
3,9

2,5

Natural gas, high pressure, at consumer/IT S
Electricity, medium voltage, at grid/IT S
GT mixture
Others

93,2

Figure 19 percentages of processes contributions, abiotic depletion
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5.4. Contributions of production phases
Currently, all contributions of processes to the global impact of each category have
been defined and quantified. Thanks to this, it is possible to further analyze the
production cycle of the functional unit, focusing on the contribution of each production
phase to the total impact. For each impact category, the production phases that
contribute more than 1% of the total impact of the class have been considered, while
the remaining stages have been grouped in ‘Others’.
As concern marine aquatic ecotoxicity, contributions of production phases are given in
table 44 and their percentages on the total are shown in figure 20.
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Table 44 production phase contribution, marine aquatic ecotoxicity

Marine aquatic ecotoxicity
Production phase

Contribution %

Maintenance, natural gas

23.57

Maintenance, electricity

24.63

Processing, natural gas

18.02

Processing, electricity

16.15

Annealing, natural gas

1.06

Annealing, electricity

3.03

Melting, natural gas

1.93

Raw material extraction and transport

4.07

Melting and processing, natural gas other

1.99

components
Melting and processing, electricity, other

5.55

components
Others

0

Considering both its electricity and natural gas requirement, the maintenance phase is
responsible of the 49% of the total impact of this category. Moreover, the processing
phase is the second principal source of emission with a contribution of 35%, followed
by the annealing process and the raw material extraction and transport which cover
both 4% of the total impact. Natural gas and electricity consumptions necessary to
produce other glass components (murine, canes, grits, powder) represent the 7% of the
total impact. The group ‘Others’ contains all the remaining processes that have a
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marginal contribution. Impacts deriving from flue gas treatment and disposal of solid
waste (glass, exhausted lime, sludge) are included inside this group.

Marine
aqua c ecotox
7,5
4,1
2,6
4,1
Maintenance
Processing
Annealing
Mel ng
Raw material extrac on and transport
Natural gas and electricity for other components

48,2

34,2

Figure 20 percentages of production phases contributions, marine aquatic ecotoxicity

As regards Global warming category, production phases contributions are provided in
table 45 while their related percentages over the total are illustrated in figure 21.
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Table 45 production phase contribution, global warming

Global warming
Production phase

Contribution %

Maintenance, natural gas

38.96

Maintenance, electricity

10.78

Processing, natural gas

29.80

Processing, electricity

7.07

Annealing, natural gas

1.75

Annealing, electricity

1.35

Melting, natural gas

3.19

Raw material extractions and transport

1.41

Melting and processing, natural gas other

3.27

components
Melting and processing, electricity, other

2.39

components
Others

0.03

Similarly to marine aquatic ecotox, the maintenance phase contributes for almost the
50% of the total impact while the processing phase covers the 37%. The melting and
annealing phases have closely the same contribution whereas raw material extraction
and transport represents only 1%. The remaining 6% is due to production processes for
other glass components.
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Global
1,4
5,7
3,1

warming

Maintenance
Processing
Annealing
Raw material extrac on and transport
Natural gas and electricity for other components
49,7
36,9

Figure 21 percentages of production phases contributions, global warming

For human toxicity, contributions of production phases are shown in table 46 and figure
22

ti
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Table 46 production phase contribution, human toxicity

Human toxicity
Production phase

Contribution %

Maintenance, natural gas

24.41

Maintenance, electricity

23.13

Processing, natural gas

18.67

Processing, electricity

15.16

Annealing, natural gas

1.1

Annealing, electricity

2.85

Melting, natural gas

2.00

Raw material extractions and transport

5.34

Melting and processing, natural gas other components

2.06

Melting and processing, electricity, other components

5.21

Others

0.07

As for the first two impact categories, the maintenance and processing phases are the
principle sources for human toxicity which if considered together are responsible of
more than 80% of the total impact. Raw material extraction and transport reach 5%
while annealing and melting cover respectively 4% and 2%. Other processes contribute
for the 7% of the total impact.
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Human toxicity
7,3

0,1

5,3
2,0
Maintenance
4,0
Processing
Annealing
Mel ng
Raw material extrac on and transport
Natural gas and electricity for other components
Others

47,5

33,8

Figure 22 percentages of production phases contributions, human toxicity

For freshwater aquatic ecotoxicity, sources of impacts are shown in table 47 and
production phases contributions are illustrated in figure 23.
Half of the total impacts of this category comes from the maintenance phase which has
a contribution close to 48% while the second source is the processing phase,
responsible of the 33%. Energy requirements for the production of other components
are not negligible for this category due to their contribution of 8% of the total. Raw
material extraction and transport cause the 5% of impacts, followed by annealing and
melting that together have a contribution of 6%. Flue gas treatment and solid waste
disposal have negligible contributions.
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Table 47 production phase contribution, freshwater aquatic ecotoxicity

Fresh water aquatic ecotoxicity
Production phase

Contribution %

Maintenance, natural gas

19.66

Maintenance, electricity

27.88

Processing, natural gas

15.06

Processing, electricity

18.28

Annealing, natural gas

0.89

Annealing, electricity

3.43

Melting, natural gas

1.61

Raw material extractions and transport, clear glass

5.21

Melting and processing, natural gas other components

1.68

Melting and processing, electricity, other components

6.28

Others

0.23

Fresh water aqua c ecotox
8,0

5,2
1,6
Maintenance
4,3
Processing
Annealing
Mel ng
Raw material extrac on and transport
Natural gas and electricity for other components

47,5

33,3

Figure 23 percentages of production phases contributions, freshwater aquatic ecotoxicity
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Finally, for the last impact category the major contributions derive from natural gas
consumption within the different processes, data are provided in table 48 and figure 24.
As for all other analyzed categories, the maintenance phase is the greatest contributor
for abiotic depletion category with a percentage of 49%. The second hot spot is the
processing phase characterized by a contribution of 37%. Melting of clear glass and
production of other components have similar contributions, close to 4%. Raw material
extraction and transport contribute for 3% while annealing covers the 2%.

Table 48 production phase contribution, abiotic depletion

Abiotic depletion
Production phase

Contribution %

Maintenance, natural gas

47.21

Maintenance, electricity

1.94

Processing, natural gas

36.11

Processing, electricity

1.27

Annealing, natural gas

2.12

Annealing, electricity

0.27

Melting, natural gas

3.87

Raw material extractions and transport

2.88

Melting and processing, natural gas, other

3.92

components
Melting and processing, electricity, other

0.41

components
Others

0.00

119

Abio c deple on
3,9

2,9

4,3

2,4
Maintenance
Processing
Annealing
Mel ng
Raw material extrac on and transport
Natural gas and electricity for other components

49,2

37,4

Figure 24 percentages of production phases contributions, abiotic depletion

In order to obtain a more general overview of the global impacts produced by the
functional unit, it has been analyzed the average value of contribution for each
production phase among the five impact categories. The maintenance is the most
impactful phase for each chosen category, since it requires an high amount of energy in
terms of natural gas consumption. This phase alone covers almost half of the total
impact allocated to the functional unit with an average value of 48%. Although
maintenance has a low specific consumption of natural gas compared to the other
production phases, it is characterized by the greatest duration all over the year, equal to
5229 h (table 20). The second predominant source is the processing phase that
represents the 35% of the total impact. This high contribution is attributable to its
yearly duration, equal to 1742 h (table 20).
The melting phase is characterized by the highest specific natural gas consumption (30
Sm3/h). However, one fusion produces 350 kg of clear glass at once while the quantity
of yearly clear glass necessary to produce the functional unit is equal to 89.9 kg (table
12). For this reason, only a portion of impacts derived from the melting phase is
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allocated to the functional unit, resulting in a moderate contribution on the global
impact of 2.5%.
The annealing phase is characterized by the lowest specific natural gas consumption
among all the production phases, nevertheless it has s greater duration compared to
melting phase and, as a result, a greater contribution on the global functional unit
impacts close to 3.6%.
The energy requirement for the production of other glass components (murine, glass
powder, canes, grits) contributes for the 6.5% of the total impact and corresponds to the
natural gas and electricity consumption of Effetre furnace. On the contrary, impacts
derived from gas and electricity consumption of G&T furnace contributes for the
89.5%, including maintenance, annealing, processing and melting phases. It is
underlined that the 83.4% is constituted by maintenance and processing phases.
Moreover, raw material extraction and transport has a marginal contribution on the total
with a percentage of 3.8%. Finally, solid waste disposal and flue gas treatment result in
a completely negligible contribution on the total impact produced by the functional
unit, without reaching the threshold value of 1%. Data for average contributions of
production phases to the total impact of the functional unit are summarized in table 49
and illustrated in figure 25.
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Table 49 production phase contribution, average

Average
Production phase

Contribution %

Maintenance, natural gas

30.7

Maintenance, electricity

17.67

Processing, natural gas

23.53

Processing, electricity

11.59

Annealing, natural gas

1.38

Annealing, electricity

2.18

Melting, natural gas

2.52

Raw material extractions and transport

3.78

Melting and processing, natural gas, other components

2.58

Melting and processing, electricity, other components

3.97

Others

0.1
6,6
3,8

0,1

2,5
3,6

Maintenance
Processing
Annealing
Mel ng
Raw material extrac on and transport
Gas and eletricity, other components
Flue gas treatment and solid waste disposal

48,3

35,1

Figure 25 percentages of production phases contributions, average
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6. INTERPRETATION
The interpretation of the results is based on the life cycle assessment theory. The main
target of this phase is the identification of significant issues derived from the results of
inventory and impact assessment steps. The evaluation must consider the completeness
and consistency of the work and the main conclusions and limitations of the study need
to be highlighted. The results have to be analysed by referring to the fixed target of the
analysis, in order to check if the study meets the needs of the commissioner.
The main goal of the life cycle assessment implemented in this thesis is to evaluate and
quantify impacts deriving from the production of the functional unit, focusing on
carbon dioxide emissions.
Results from impact assessment phase underline that the major impacts deriving from
the production cycle are caused by natural gas and electricity production processes. If
considered together, for each impact category these two processes are responsible for
more than 90% of the total impact.
The hotspots of the production cycle are the maintenance and processing phases which
together cover more than 80% of the total impact. Moreover, the 58% of the total
average impact among different categories (table 49) is caused by natural gas
consumption of G&T furnace.

Looking at these data, it is evident that the energy

requirement for the artistic glass production is a predominant aspect, in which
interventions need to be made to improve the environmental performance of the
product. In particular, the crucible furnace used by G&T factory is characterized by an
obsolete technology which is devoid of automatic flame regulator and heat exchanger.
Consequently, the adoption of a furnace of new generation would lead to several
advantages, both from an economic and an environmental point of view. Consumption
data for a crucible furnace of the same size with a new technology are presented in
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table 50 [13]. The major potential improvement is represented by the maintenance
phase which could have a reduction in terms of natural gas consumption of up to 40%.

Table 50 consumption and duration of different phases, crucible furnace 350 kg, new technology

Crucible
350 kg

Yearly
duration

Hourly

Yearly

consumption consumption

Potential

yearly

improvement

consumption

New furnace
Phase

Actual

h

Sm3/h

Sm3/h

Sm3/h

%

Maintenance

5229

8

41832

62748

40

Melting

348.6

20

6972

10457

33.33

Working

1742.8

10

17428

24399

28.57

Total

7320.4

-

66232

97604

32.14

In global warming category, natural gas consumption from maintenance, melting and
working phases are responsible for 71.95% (table 45) of the total impact of the
category. Consequently, a reduction of 32.14% of natural gas consumption of these
phases could result in a global improvement of the carbon dioxide equivalent emission
of 23.12% of the total. However, the purchasing of a new furnace constitutes a relevant
investment, therefore it would require a cost and benefit analysis to assess its viability.
Interventions on other production phases would be possible but a limited improvement
on the environmental performance would be expected due to their low contributions.
As concerns the results from the impact assessment evaluation, raw material extraction
contribution could be underestimated compared to its real impact. This underestimation
could be due to lack of pre-exiting processes regarding raw materials production in the
software. Indeed, this phase has been investigated only for sand, calcium carbonate and
hydrated lime while it has been ignored for other components of the mineral mixture.
More specifically, a relevant contribution could derive from sodium carbonate
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production, since it constitutes a mass fraction of 20% of the mixture. Other minerals
for which the production phase has not been considered are sodium nitrate and
potassium carbonate. Nonetheless, it is expected a limited contribution related to these
components production due to their small mass fractions. A further improvement of this
analysis would be to consider raw material production related to these components.
Another limitation of this study is caused by the outdated version of SimaPro which
does not contain updated databases, as well as the latest methods for impact evaluation.
Therefore, if the analysis implemented in this thesis would be replicated by using the
latest version of the software, a substantial difference on the results may be found.
As regards the reliability of input data, consistency checks about consumption values of
the furnaces have been performed in the inventory analysis. Theoretical consumption
values for electricity and natural gas have been compared to real ones of G&T factory.
A good match between theoretical and real values has been observed, thus resulting
impacts deriving from these processes are accurate. For Effetre furnace this check was
not necessary since consumption data have been provided directly by the factory. In the
same way, consistency checks have been performed also for the viability of adopted
assumptions, for which reliability has been verified. As regards the moleria section, its
energy requirement in terms of electricity consumption it has not been considered in
this study. All the electricity use has been allocated to the ventilation and air injection
system therefore one improvement of this analysis could be to consider the contribution
from machineries present in this section. Anyway, a small contribution from these
machines is expected since they are running only during working periods of the
furnace.
One goal of the study is to assess which one colour is characterized by the greatest
impact on the environment. However, not relevant differences have been found among
goto colours, since the largest contributions on environmental modifications are caused
by natural gas and electricity consumption. The production cycle of goto is the same
for each colour thus also consumption values and related impacts are equals.
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It is recalled that the analysis implemented in this study has an investigation purpose in
order to quantify carbon emissions produced by the functional unit. Future
interventions acted on balancing these emissions will be adopted by Laguna B, as
discussed in chapter 3. This actual work may be used by the management sector of the
factory to create external communications towards suppliers, customers or competitors.
The external communication of the results may occur once this study has been inserted
into an Environmental Product Declaration. The EPD will have to contain the
environmental performances of the functional unit which have been evaluated
throughout its entire life cycle. The development of an EPD for a product will have to
follow the guidelines stated by the UNI EN ISO 14026: 2018 Standard about the
Labelling and environmental declarations - Principles, requirements and guidelines for
the communication of information on the environmental footprint.
Finally, results derived from this study will be used by the factory to assess
environmental impacts caused by the production of other products of its catalogue.
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CONCLUSIONS
This thesis was born out of the desire of Laguna B to improve the environmental aspect
related to its own production. From an environmental point of view, the artistic glass
sector presents several critical points among which the energy requirement in terms of
natural gas and electricity is predominant. Artistic glass can have different
characteristics and each product is unique.
In this thesis it has been analyzed the entire life cycle of goto, a particular glass
produced through an artisanal process. It has been chosen to model the life cycle of
goto in order to not underestimate environmental impacts due to its production. In this
way, once all the environmental impacts, specifically carbon dioxide emissions, are
quantified, the factory afterwards will balance these emissions by funding interventions
for the safeguard of salt marshes in Venice lagoon. For Laguna B, sustainability must
be a key aspect of the production cycle and cannot be underestimated.
During the inventory analysis, all the material flows necessary for the production cycle
of glass have been accurately defined and quantified. Afterwards, all contributions
deriving from the different production phases have been analyzed and compared one
each other.
The results of the analysis underline that the processing of glass together with the
maintenance of furnaces are the principal sources of emission due to their energy
requirements. Natural gas is the primary source of energy used for glass production,
followed by electricity that is necessary for the functioning of ventilation systems.
Although the melting phase is the most intensive in terms of natural gas consumption,
the amount of clear glass used for the manufacturing of goto is limited, thus only a
small part of impacts of this phase is allocated to the final product. On the contrary, the
annealing process has the lowest specific natural gas consumption among all phases,
but due to its duration it has a contribution on the total close to the melting phase. As
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regards raw material extraction impacts, their contributions could be underestimated
due to the lack of pre-existing production processes, that were not available for each
component of the mineral mixture. Finally, processes regarding flue gas treatment,
polishing, luster and solid waste disposal have a negligible influence considering the
totality of impacts caused by the production cycle. Indeed, treatment of flue gas is
necessary only during the melting phase to avoid unwanted pollutants emissions, while
it is not required during all the other phases since only natural gas is burning without
any other components. Moreover, clear and mono-colored glasses are completely
recyclable and they can be re-melted any times to produce new glass. Thanks to this
material property, the final resulting solid waste flow directed to landfill is limited.
Furthermore, processes for polishing and luster are characterized by a low energy
requirement, with a small sludge production. It has been investigated the more efficient
way to improve the environmental performance of the glass production cycle.
Currently, the installation of a furnace of new generation could decrease significatively
the consumption of natural gas, and as a consequence, the impacts caused by its use.
However, the installation of a new furnace is an important investment and its economic
viability need to be asses through an economic evaluation.
The work implemented in this thesis will be use by the factory manager to lead similar
studies for all other glass products present inside the catalogue. One goal of the factory
is to quantify through life cycle assessment studies the exact carbon dioxide emission
produced by each of their products. In addition, the results derived from this study
could be used to obtain an Environmental Product Declaration, in order to advertise the
product and to provide external communications of the results.
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