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Abstract 
 
The circular economy contributes to the efficient allocation of resources and to a reduction of the 
environmental impact produced. This mechanism is very important in the area of WEEE, regulated by 
the European Directive 2012/19/EU There are several regulations issued in order to regulate the correct 
recycling and disposal process of components that make up the WEEE, but today, the treatment of the 
“Fluff” resulting from the disposal of refrigerators is still troublesome. The goal of this paper is to 
evaluate the thermophysical characteristics of this material, reduced into small granules and 
compressed into unit surface panels. A case study is presented through the results of the thermal flow 
trials, first conducted in the mechanical laboratory at the University of Catania, on auditions set up by 
the company FG S.r.l., located in Belpasso in the province of Catania. The innovation of the case study 
is based on the reuse of the waste, re-employed in the bio-building sector as a useful material for 
thermal insulation. 
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1. Introduction 
 

According to Legislative Decree 152 (2006), the distinction between what is waste 
and what is not depends on the existence of two circumstances: the substance or change must 
be included in the list of 'Annex A and that whoever holds it intends or must discard it. There 
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are different types of waste: urban, special, toxic and harmful. WEEE is the acronym of 
Waste of electrical electronic equipment. This kind of wastes regards products like 
computers, phones, big and small domestic appliances. They represent one of the most 
spread wastes in the world with a growth index of production between 3-5% every year; 
three times higher than every other kind of waste. In EU 9 million tons were produced in 
2005 and this value is expected to grow to more than 12 million tons by 2020. In Italy in 
2006 were produced 800 thousands of tons on wastes but less than the 10% was collected 
(Gatto, 2019). WEEE are divided in different categories and these products must be treated 
correctly and destined for differentiated recovery thus using a waste of resources that can be 
reused to build new equipment. The main elements which compose the WEEE are: gold, 
silver, iron, aluminum, glass. All of these materials and components, because of their 
hazardous content and if not properly managed can cause very serious environmental 
problems in soil, air and waters and also health (ec.europa.eu). The European legislation on 
Electrical and Electronic Equipment regulates the management and correct treatment of 
waste according to the European principle of “polluter pays”. The European Directive 
2012/19/ EU on WEEE replaces the previous directives (EC Directive 19, 2012). The 
purpose of this Directive is to contribute to sustainable production and consumption by, as a 
first priority, the prevention of WEEE and, in addition, by the re-use, recycling and other 
forms of recovery of such wastes so as to reduce the disposal of waste and to contribute to 
the efficient use of resources and the retrieval of valuable secondary raw materials. It also 
seeks to improve the environmental performance of all operators involved in the life cycle of 
EEE, e.g. producers, distributors consumers and, in particular, those operators directly 
involved in the collection and treatment of WEEE. Having different national policies on the 
management of WEEE hampers the effectiveness of recycling policies. For that reason, the 
essential criteria should be laid down at the level of the Union and minimum standards for 
the treatment of WEEE should be developed. The EC Directive 98 (2008) as main topic the 
Extended Producer Responsibility (Ronchi, 2018). This is a proceeding create to assign to 
the producers different kinds of responsibility: the first one is financial and the second 
regards the organization of product life cycle management in all operations of separate 
collection, sorting and treatment. In Italy the EC Directive 19 (2012) on WEEE was 
transposed with a national Directive, the Legislative Decree of March 2014 n.49 (Law 49, 
2014). The first introduction promoted through this legislative decree predict the “open 
scope” method. Among the most relevant innovations we highlight: new exclusions: “and 
the” incandescent lamps new definitions: many new definitions have been introduced, some 
of which are given below by way of example: “Large fixed installations” – “very small 
WEEE”, “equivalent WEEE” – “medical device”, “in vitro diagnostic medical device” and 
“active implantable medical device” – “hazardous waste” (Albertazzi, 2011). 

In a first phase it is possible to distinguish domestic and professional WEEE. The first 
category considers both WEEE from households and those of commercial, industrial, 
institutional and analogic type which by nature and quantity can be assimilated to those 
originating from households. Domestic WEEE are divided into five groupings: Grouping R1 
Equipment for temperature exchange with fluids; Grouping R2 large equipment; Grouping 
R3 TV and monitor; Grouping R4 IT and consumer electronics, PED lighting fixtures; 
Grouping R5 light sources (www.regioneambiente.it). Professional EEE are those designed 
to be used only by professional users, with technical-functional characteristics that make 
them different from domestic appliances. Professional WEEE is instead classified based on 
the attribution of the CER Code (European waste catalog). The CER codes are numerical 
sequences, composed of 6 digits gathered in pairs, used for the identification of the waste 
based on the production process from which it originated. If the waste considered is 
dangerous, this will be followed by an asterisk (www.ecorecuperi.it). 
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The goal of this study is to focus on issues relating to the circular economy and waste 
management, in particular WEEE for the recovery of precious metals and other recyclable 
materials such as iron and plastic. To this end, we propose a case study in a leading company 
in the sector or the FG Recycling System, located in Belpasso in the province of Catania. 

Despite the company's pro-activity aimed at minimizing the environmental impact of 
its production processes, the company is looking for solutions regarding the possibility of 
recovering polyurethane mainly from the R1 group WEEE and more specifically from 
refrigerators. Through research and study, the aim of using polyurethane within the building 
sector for insulation of the walls of real estate has been sought.   

 
2. Case Study: FG S.R.L. 
 

FG S.r.l is a leading waste company in Southern Italy, carrying out multiple activities 
involving the disposal and recovery of hazardous and non-dangerous waste and also 
recognized expertise in the field of industrial, naval and railway demolitions. FG is 
specialized in the treatment of out-of-use electrical and electronic equipment with the 
recovery of end-of-life appliances. The company was founded in 1974 by the entrepreneur 
Giovanni Faill. Thanks to his forward-looking vision and proactive vision, he was able to 
adapt the regulations in the Ronchi Decree (Decree 135, 2009) to his company, ensuring its 
dominance in the market by securing a competitive advantage over the other competing 
companies that has made the FG a leading company in the sector today. The company 
operates throughout Italy, the legal and administrative headquarters is located in Belpasso 
(CT), S. Todaro Municipal Road No.20, with a staff of more than 50 employees, a factory 
with an area of more than 30,000 square meters. FG owns state-of-the-art infrastructure and 
technologies with state-of the-art technologies (www.fgambiente.com) FG is one of the 
treatment plants that are authorized to recover and recycle WEEE according to a specific 
treatment based on the characteristics of the latter and that carry out activities of 
management and enhancement of materials (www.cdcraee.it). In accordance with the 
manufacturer's extended liability criterion, they are obliged to manage the collection and 
treatment of waste. The company's customers are represented by the consortia that are 
responsible for bringing together the main producers in order to allow the collective 
collection of waste. Manufacturers apply an increase which affects the price paid by end 
consumers in order to place the burden of equipment when they are to be disposed of after 
the end of their useful life. The main consortia operating in Italy and that interface with FG 
are three: Remedia, Cobat and Ecodom. FG adopts different waste treatment production 
processes in relation to the category to which they belong. With regard to the context of 
polyurethane treatment, as this is strongly prevalent in the R1 grouping and specifically in 
refrigerators, we will analyze the production process related to the treatment of the latter. It 
consists of two macrophases, remediation and trituation and separation, which in turn are 
divided into sixteen microphases. 
 
3. Materials and methods 

 
The waste management techniques of electrical and electronic equipment are 

characterized by the presence of multiple actors which, by carrying out various steps, allow 
the collection, management, disposal or recycling of the equipment (Brunori et al., 2012). In 
compliance with European directives, in Italy the responsibility of the producer or the 
obligation of the latter to finance and manage a product recycling system is applied from the 
moment in which, through delivery to the collection centers, they are discarded by 
consumers. There is no withdrawal obligation towards the distributor, who is not in any way 
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required to withdraw professional WEEE from its customers (Enea, 2020). The management 
of the refusal of electrical and electronic equipment is based on the transfer of the latter to an 
authorized transfer center (Gatto, 2019). WEEE treatment consists of several phases that the 
plants must put in place once the equipment is received: Reception, as the collection has 
been carried out, it is necessary to take care of the delivery to the final treatment plants. 
Storage, sorting of WEEE received from different platforms (Scharff, 2014). Pre-treatment, 
safety of waste, by eliminating any polluting material or dangerous, flammable and metallic 
parts. Reuse, evaluation of any reusable equipment by carrying out functional tests, 
troubleshooting, valorization or scrapping decision. Treatment, shredding of the WEEE in 
order to obtain the separation of the secondary raw materials. Recycling and recovery, the 
treatment operations must guarantee the achievement of a series of minimum objectives for 
the recovery and reuse of the components according to the weight of each appliance (Russo, 
2007). 

The collection centers are of different types: 
- Collection Centers (CoR), Realized and managed by Municipalities and Companies 

authorized to manage WEEE, the CoR are open to all citizens and users who can deliver 
domestic WEEE free of charge. 

- Grouping Places (LdR), They indicate the sites where - the Distributor groups the 
WEEE supplied by consumers. 

- Private Collection Centers (CrP), The WEEE Private Collection Centers are built by 
the same Collective Systems, to store waste from voluntary collection activities Large Users. 
These are public or private subjects (airports, companies, hospitals, barracks, etc.) registered 
with the WEEE Coordination Center that produce significant quantities of WEEE in the 
lighting category (R4 and R5) and that can obtain a withdrawal on site by the Collective 
Systems. The producer responsibility activity is collective and commensurate with the 
respective market share, for this reason several collective systems have been set up. The 
WEEE Collective Systems have the primary task of managing the transport, treatment and 
recovery of domestic WEEE, respecting the provisions of Legislative Decree 49 (2014) and 
the rules established by the WEEE Coordination Center (EC Directive 19, 2012). The 
regulations require the collective systems of producers to commit themselves to achieve 
specific recovery targets for treated WEEE. For example, for the categories of products that 
refer to electronics consumers, a recovery percentage of at least 75% in average weight per 
appliance is required (Arfò et al., 2019). The WEEE Coordination Center is the central body 
responsible for optimizing the collection, collection and management of Waste from 
Electrical and Electronic Equipment in Italy also through the management of a list to which 
all WEEE treatment plants must register and is managed and governed by Collective 
Systems under the supervision of the Ministry of the Environment and Land and Sea 
Protection and the Ministry of Economic Development. The rapid technological development 
that has highlighted the last decades has improved the quality of our daily life and has come 
as a great increase in the demand for strategic raw materials with a corresponding high 
production of hi-tech waste. In particular, have been identified, partially recoverable from 
waste from electrical and electronic equipment. The risks associated with their supply make 
the search for alternative sources necessary also through the development and 
implementation of technologies for their recovery from waste (Matarazzo et al., 2019). The 
review of processes, the recovery and recycling of these raw/second materials can make a 
decisive contribution, while also responding to the need to reduce the quantity of waste to be 
sent to landfills and to safeguard natural resources. In this context, the Eco-Sicily Innovation 
Project promoted by Enea stands out, which includes a series of activities to be carried out in 
the Sicily Region; which includes research, development, promotion and implementation of 
technological and methodological tools focused on certain production sectors such as the 
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waste from electrical and electronic equipment and from plastic in order to allow complex 
waste such as electronic waste, once disassembled, goes to raw material to be used in many 
other sectors (Ingrao et al., 2019). The main objective concerns the development and 
promotion of an integrated management of this category of waste, both as regards their 
electrical and electronic components, and the plastic associated with this equipment. The 
technologies for the recovery of metals with high added value from WEEE and from waste in 
general are basically of two types: 

• heat treatment – pyrometallurgy; 
• wet treatment - hydrometallurgy. 
For the recovery of metals through heat treatment (“pyrometallurgy”), 

melting/oxidation is carried out and for example a copper with 95-98% purity is obtained. 
However, this type of process requires a large energy expenditure and presents the typical 
emission problems typical of all processes that take place at high temperatures. 
“Hydrometallurgy” refers to the set of chemical techniques used to treat liquid residues from 
industrial processes or waste of various kinds, aimed at recovering the metals present in 
them. With a view to the sustainable development of production processes, hydrometallurgy 
represents a technologically advanced response to the minimization, enhancement and 
recycling of waste (Brunori et al., 2012). In this regard, it should be highlighted that the 
value of a metal is directly related to its purity and this is what must be taken into account in 
order to ensure the economic and environmental sustainability of the recovery process. As 
part of the Eco-innovation Sicily project, processes have been studied and developed 
allowing the recovery of metals with high added value from WEEE (Matarazzo et al., 2018). 
In particular, a process for the recovery of gold, silver and tin has been developed and copper 
from electronic boards, applied in various countries of the world such as USA, Australia and 
Japan. 
 
4. Results and discussion 

 
The largest source of polyurethane in WEEE comes from the R1 grouping, i.e. from 

the refrigerators and freezers, and is rigid foam used for thermal insulation purposes. Inside 
refrigerators and freezers, polyurethane foam accounts for about 15% mass of the whole 
grouping. In 2016 the harvest in Italy for the R1 grouping was 76.159 kg, which corresponds 
to about 11,400 t of polyurethane. An even more interesting fact is the volume of this waste, 
which would be more than 325,000 m3 in the year under consideration. The treatment, 
recycling and possible disposal of this fraction is therefore one of the major problems related 
to the treatment of WEEE given the large quantities of this material. The nature of the 
material create some limits in recycling, for example it is not possible to reuse waste such as 
in the production cycle of the foam since the porous structure can only be generated from the 
primary reagents, in other words closed-loop recycling is therefore not applicable, and 
therefore different approaches for recovery are necessary. Another factor to take into account 
for treatment are the recovery targets imposed by Act 49 of 2014 (EC Directive 19, 2012) 
which provides for a recycling rate of 80% and a recovery rate of 85%. Today, in Italy 
polyurethane made from electrical and electronic equipment is still largely disposed of in 
landfill and only partly sent to energy recovery heaters due to the high energy power. This 
technology reduces the volume occupied by waste material and recovers thermal energy that 
can be used both to produce electricity and heating, but generates high emissions into the 
atmosphere and ash, even dangerous ones, which must be disposed of in landfill. For WEEE 
treatment plants, as well as landfill disposal, thermovalorization is a high cost given the high 
tariffs that heaters charge to admit the material in their plants. The search for solutions to 
recycle polyurethane is therefore an opportunity to improve the quality of the treatment of 
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electrical and electronic waste. Having new destinations for the reuse of these wastes can be 
exploited thanks to the typical properties of polyurethane such as lightness, thermal 
insulation capacity and affinity with oily substances, applications in construction and for the 
production of material to absorb hydrocarbons and oils are therefore conceivable. Another 
possible approach is to derive raw materials from chemical waste. Usually polyurethane can 
undergo some recovery activities in different areas such as regrinding. It consists of 
incorporating foam waste during the production phase of the new foam. These wastes are 
reduced to very fine particles that are shuffled together with polio in different percentages in 
relation to the viscosity that the material must take. However, this technology is unlikely to 
be applied to the fraction of polyurethane from WEEE due to the characteristics of the 
recovery cycle they undergo. A second method that could repurpose much of the 
polyurethane foam from the treatment of WEEE is called adhesive pressing. This technology 
can be applied to a wide variety of plastics or mixtures of different polymers and has long 
been used for the reuse of flexible foam to produce carpets, sports room parts and acoustic 
insulation in the automotive field. With regard to rigid foam, this can be re-proportioned by 
reducing the waste into medium-sized particles by about 1cm and mixing them with 5-10% 
MDI to ensure adhesion between the particles. The gluing between the mixed ingredients 
takes place at a temperature between 100 and 200 degrees Celsius at a pressure of 30-200 
bars, this figure is the main source of cost of this technology. After the operation, you get 
panels with excellent resistance to humidity and water and with a high thermal insulation that 
can find applications in the construction field (Wu, 2002). Polyurethane is one of the few 
materials that FG currently allocates almost entirely to landfill and which consequently 
represents only a cost due to disposal as waste and the impossibility of being able to use it as 
a second raw material. This because, once used, the material presents a change in its physical 
consistency and a loss of certain chemical characteristics. Polyurethane is a material that 
comes mainly from the WEEE R1 grouping, specifically from refrigerators. That is why a 
mass balance has been created to measure the amount of polyurethane present in 100 kg of 
refrigerators. The results are shown below in Table 1. 
 

Table 1. Mass balance of R1 in 2020 of FG 
 

CER Recovered Material R1 (%) R1 (kg) 
191202 Iron 43.00% 43 
191204 Plastic 23.20% 23.2 
160216 Electronic boards  0.01% 0.0064 
160216 Compressors  17.16% 17.16 
130208 Oil 0.60% 0.6 
191203 Aluminium 2.00% 2 
160209 Capacitors 0.04% 0.036 
191203 Copper 1.00% 1 
170411 Cables 0.20% 0.2 
191205 Glass 0.40% 0.4 
191207 Wood 0.50% 0.5 
 Total 88.10%  
 Disposed Material R1(%) R1(kg) 
140601 CFC.HCFC.HFC.HC 0.10% 0.1 
191212 Disposed wastes  0.80% 0.8 
191212 Polyurethan 11.00% 11 
 Total 11.90%  
 TOT GEN. 100.00% 100 kg 
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As you can see, just over 10% of the weight of an R1 is polyurethane, which is why it 
is crucial to be able to find a solution to the treatment of this material. For this reason, a 
study was carried out, with the Department of Engineering and FG Ltd. in order to find an 
alternative use of polyurethane, and it was assumed a use in construction as insulation 
material of buildings. Expanded polyurethane waste can be recycled to produce new 
materials: high insulation capacity can be used in modern bio-construction. A very 
interesting use could represent its configuration in panels of various sizes and thicknesses, 
with a constipation of polyurethane into tiny grains, which compose a physical wall filled 
with material. Thanks to the pelletization, a matrix of small volumes of high-density 
polyurethane with insulation characteristics can be used as a thermal insulation in the 
construction of one or more walls of a building envelope. Within the study, some values need 
to be measured to understand the feasibility of the experiment. In thermotechnical, thermal 
tramance (indicated by the letter U) is a physical magnitude that measures the amount of 
thermal power exchanged by a material or body per surface unit and units temperature 
difference. It defines the tendency of an element to exchange energy, that is, the body's 
insulating capacity. In SI is measured in W/(m2K). Given a phenomenon of heat transmission 
under stationary conditions or in which the flow temperatures do not vary over time, the 
transmittance measures the amount of heat that in the time unit crosses an element of the 
surface of 1 m2 if there is a difference in 1 K between the inside and the outside. 

The analytical report takes into account a heat transmission from one aerform to 
another separated from the flat slab of the material under examination, heat transmission that 
takes place radiation, convection and internal thermal conductivity (Eq. 1).  
 

U '1/[(1/hi) : (1/he) : (s/)] [W/m2K]  (1) 
 
The lower the value, the greater the isolation of the vehicle under consideration. The 

greater thermal insulation, that is, the lower the thermal conductivity and the transmittance, 
the greater is the thermal inertia of a structure, with the same mass of the structure. This 
would substantially affect the energy needs of buildings by reducing by more than 50% of 
the specific annual energy required (kWh/m2 year). 

 
5. Concluding remarks 

 
With a view to the circular economy, the waste of electrical and electronic equipment 

can play a decisive role in the search for virtuous results. To date, the value of recycling and 
reuse is becoming increasingly widespread even though this practice is implemented in 
already developed countries and only in some developing countries. With the increase in the 
production of these appliances, it will be necessary to insert new mandatory standards and try 
to simplify the methods of treatment in order to allow even businesses and smaller 
companies to manage correctly for an environmental sustainability. To achieve the objectives 
of increasing recycling and disseminating standards, the behavior of the population and 
awareness raising activities by public institutions are fundamental in order to be able to 
reduce pollution and the exploitation of virgin raw materials, trying to apply a vision that 
sees resources go from cradle to cradle. A correct WEEE treatment process, in addition to 
allowing the recycling of secondary raw materials (iron, copper, aluminum and plastics) 
avoids the dispersion of harmful substances into the environment, the ChloroFluoroCarbons 
(CFC) and the HydrochloroFluoroCarbons (HCFC). The circular economy is a necessary 
model to guarantee the objectives that have been set by agenda 2030, for example, and to 
allow the livelihood and availability of resources necessary for future generations, based on 
population growth and that is necessary. In conclusion, we can see that the consideration of 
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environmental issues is constantly evolving and progressing: A vision aimed at continuous 
improvement today is certainly a necessary condition to achieve a stable competitive 
advantage over time towards competitors. The company FG is the only one in Sicily, it 
operates in the entire Italian landscape and has to face important realities.  The hypothetical 
feasibility of such a project of reusing polyurethane, avoiding the destination in landfill, 
would be a great result both for the company, which could achieve a sharp decrease in the 
costs for disposal, but also for the environment thanks to the reduction in waste and a 
decrease in virgin raw materials. 
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