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Abstract

:

In this work, a deep economic and technical analysis for the enhancement of e-waste hierarchy applied to the Radio Frequency Identification (RFID) tags is presented. Nowadays, the RFID technology represents a valuable solution for many applications to improve the quality and efficiency of the supply chain, as well as for enhanced people or object identification and smart devices. This leads to massive usage of such devices that could represent a threat to the environment, since they are often considered as generic waste and no specific e-waste policy has been identified for RFID. For these reasons, the paper presents a study based on the desk research technique to propose several possibilities currently available for producers of different RFID devices in order to mitigate this problem at every e-waste hierarchy stage, i.e., ecological design and prevention, reuse, recycle, and disposal. Moreover, a cost/benefit analysis has been reported in order to highlight the economic advantages related to the RFID tags reuse, as well as environmental impact reduction. Results proved that passive RFID tags represent the major candidate for the e-waste hierarchy enhancement at every level, demonstrating that it is more convenient for the producer to consider an ecologically aware design and promote a take-back system for tags in order to take advantages from the solution proposed for the RFID e-waste hierarchy.
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1. Introduction


Since communication with products must take place in a simple, economically convenient way at all times and throughout the production and laboring process, automatic identification systems are an important part of the entire production chain [1]. By exploiting recent technological developments, it is possible to overcome or prevent problems and dysfunctions that are economically onerous to production costs, such as verification of the correct composition of the assembled pieces, checking the processing times and methods, strengthening the safety of workers, monitoring the state of health of the machines in terms of energy-saving [2], and optimizing maintenance cycles [3]. Also, the improvement of the yield and the qualitative profile of the manufactured product is one of the reasons supporting production traceability [4]. Having a continuous and truthful perception of the various departments and the progress of every single piece, providing the information in real time not only to the production process, but also to a correct and punctual order fulfilment and, therefore, customer satisfaction, is part of a lean approach to production, especially in the textile and agri-food sector [5]. The possibility of identifying, selecting, and managing the resulting data is fundamental in order to make the flow of information coherent and truly usable, which is one of the critical resources of manufacturing [6]. In this scenario, one of the valuable and most diffused technologies that are employed to enhance the production chain is the Radio Frequency Identification (RFID) system.



RFID technology is an automated identification system mainly based on the RF microwave transmission and is considered the natural evolution of traditional identification systems, such as bar codes, magnetic cards, and smart cards. Although its theory of operation was conceived with the beginning of radio frequency communications era, the usage of RFID systems is nowadays constantly increasing, thanks to the continuous technological advances that enabled such devices to be one of the key parts for a novel human scenario of smart communication, like the recent IoT (Internet of Things) applications.



Broadly speaking, RFID technology includes a vast set of microdevices that are used to identify various product categories, such as electronic toll collection systems, labels implanted in animals for their identification, access control—tickets and cards—for which the proximity reading is used without physical or visual contact, and the centralized locking systems for motor vehicles. The RFID TAGs are also integrated into clothing tags or shoes, and an Italian company has recently patented a stopper for wine bottles [7]. RFID functions are also integrated into passports, health cards, and even banknotes. In Italy, since the end of October 2006, passports have been issued with an integrated RFID compliant with the ISO 14,443 Smart Card standard [8]. The decree of the Italian Ministry of Foreign Affairs of 29 November 2005 provides that in the TAG memory of at least 64 Kb, information concerning the passport and the holder, as well as the computer codes for protection and inalterability, even the photographic image of the face and the fingerprints of the index finger of each hand, should be stored.



One class of applications in which the use of RFID is becoming pervasive is that related to the supply chain of goods [9,10]. In this regard, since 2005, the European Parliament has launched legislation that makes the traceability of assets along the distribution chain mandatory. This has favored the development of RFIDs that lend themselves much better than traditional barcodes to convey information about objects and transfer them to the systems that interrogate them. In this sense, RFIDs are used in the distribution chain mainly as a support for the universal identifier codes of EPC (Electronic Product Code) objects.



Recently, the use of RFID technology in the area of recycling also became a reality [11]. In Italy, the adoption of this technological solution stems from the need to trace the different types of waste produced in a reliable and automatic way, associating them with the user in compliance with the regulatory framework outlined by the law. In fact, the national legislation sets precise objectives for separate collection (article 205 of Legislative Decree 152/06 and article 1, paragraph 1108, of Law 296/2006—Financial Law 2007). The starting point for meeting these requirements is to have reliable data about the collected waste (first of all, the type of waste and the user) without interfering in the usual operational process of the picking workers, therefore a user-friendly and robust solution, whose advantages lie in the possibility of fair taxation in addition to the control and waste management. The most advanced regions in this sense are Puglia, Abruzzo, Emilia-Romagna, and Tuscany, with the best performance [12], which mostly use systems aimed at identifying the single garbage bag to better rationalize services and penalize those who produce larger quantities of waste. This legislation, known as SISTRI—the acronym of “Sistema di Controllo della Tracciabilità dei Rifiuti” or “Waste Traceability Control System”, in English—wanted by the national legislator and originally provided by Law n. 296 and by Legislative Decree 4/2008 and introduced in December 2009 (ministerial decree 17 December 2009) with the dual purpose of combating illicit traffic and illegal waste disposal and to simplify the documentary requirements for businesses, has been deleted pursuant to art. 6 of the law of 14 December 2018, n. 135. In other words, the use of RFID TAGs is “additional” and not a substitute for affixing the Register number to the product.



The date of departure of such a system will be put into operation by the end of 2020, according to gradual criteria for the progressive participation of all operators [13]. Therefore, it can be stated that a large and increasing amount of RFID devices will be certainly employed in the next future in order to enhance waste traceability.



In the meantime, some Italian companies dealing with waste management and disposal have already equipped themselves with RFID systems like other European countries, including neighboring Spain [11]. As an example, in Lucca, Italy, the Sistema Ambiente s.p.a. company has equipped the home waste containers with specific identification tags and installed RFID devices onboard the vehicles in order to know the exact number of withdrawals of waste generated by each user (Figure 1), thus providing the necessary data for the calculation of punctual pricing according to the Pay What you Throw principle [14,15]. In this way, the user is encouraged to select recyclable materials, so as to minimize the amount of residual waste to be disposed of and, therefore, contain the related taxation, all at a low cost of workers for the Sistema Ambiente company.



The starting point of an eco-sustainable and virtuous system of waste management is, therefore, the responsibility of the citizen, who must correctly differentiate the waste already produced at home, dividing it into special and equally different containers [16].



In this perspective of such massive usage of this RFID technology, despite the many advantages, it can represent a concerning environmental impact [17,18]. In fact, the reduced dimensions of RFID tags must be considered as e-waste when they reach their end-of-life, as is the case for all information and communications technologies (ICT) in which the RFID system is included [19]. Moreover, the TAG life-cycle often exceeds the average duration of the objects they are associated with, especially the passive TAGs, which do not require batteries and have a theoretically infinite life expectancy [8]. This ends up in the paradox that the tags, also used for waste management in an environmentally sustainable perspective, are themselves contaminants.



This is even more evident in the textile industry where tags are used to identify clothing with anti-shoplifting functions and are commonly known as intelligent labels. They are also employed for identification in the secondhand clothing business, where utilized textiles are either endorsed to a separate gathering of used clothes or discarded [20]. These RFID textile tags are so well-integrated into clothes that consumers are often not even aware of their presence and, therefore, they are destinated to the general civil waste collector.



To date, the problem of RFID as e-waste is not considered by the majority of the populations, since the tags are very small and the effect they may have on the environment is not perceived. Thus, they are not discarded following the correct electronic waste treatment channel and they are lost in the flow of generic wastes. For these reasons, data are not available specifically related to the production of RFID waste. However, it is possible to estimate the problem by analyzing the growth trend of generic e-waste globally produced in recent years, as reported by the United Nations University (UNU) [21] and depicted in Figure 2.



Clearly, one of the causes related to this problem is bad education and sensibilization of citizens. On the other hand, electronic equipment producers are also responsible for e-waste environmental impact, in terms of inconspicuous design, usage of toxic material or difficulty to treat, and the recent trend to incentivize purchasing new products, rather than repairing for the reuse, as it is more profitable for the company from an economic point of view.



To mitigate this problem, in the last years, the concept of Extended Producer Responsibility (EPR) has been introduced globally by national regulations. The Extended Producer Responsibility is the principle or policy tool that the producer of a given product cannot lose interest, but on the contrary, must take care, even of the end of life of a product. The EPR is considered one of the main policy instruments in waste management that supports the implementation of the European waste hierarchy: The EPR is defined as a principle of environmental policy in which the responsibility of the producer is extended to the post-consumption phase of product life-cycle, including the withdrawal, recycling, and final disposal [22]. In particular, according to the Organization for Economic Co-operation and Development (OECD), the “Extended Producer Responsibility (EPR) is a policy approach under which producers are given a significant responsibility—financial and/or physical—for the treatment or disposal of post-consumer products.” In addition, “Assigning such responsibility could in principle provide incentives to prevent wastes at the source, promote product design for the environment and support the achievement of public recycling and materials management goals” [23].



The goal is to ensure that producers internalize the environmental costs generated at the end of their lives by their products (for collection, selection, landfill, waste-to-energy, or recycling), thus encouraging them to opt for more virtuous products that, at the end of their life, can generate lower costs as they can be re-used (in whole or in part) or recycled.



The EPR, based on specific European and National Regulations such as the one on the Management of Waste of Electric and Electronic Equipment (WEEE), is one of the market instruments used to protect the environment, precisely aiming to modify the operators’ economic behavior upstream (and consumers). The EPR is intimately connected to the additional cardinal principle in environmental and waste matters, known as the Polluter Pays Principle, which sets up a form of objective liability for the polluter [24].



At the regulatory level and in terms of general discipline, the EPR is crystallized in European law and in art. Provision 8 of the Waste Framework Directive 2008/9818 [25], a rather generic provision is, in fact, confined to the decision of the Member States to decide whether or not to introduce the EPR (“may adopt”), and in this case, in what form (merely financial, or even organizational responsibility, for example, in the case of the acceptance of the products returned after consumption). The implementation of the WEEE and RoHS directives proved to be difficult, and only one-third of the waste from electrical and electronic equipment was collected and properly treated [26]. Consequently, in 2012, following a long legislative process, the modification of Directive 2012/19/EU (WEEE) [27] and of Directive 2012/18/EU (RoHS) [28] was approved, but the regime based on extended producer responsibility has remained unchanged.



At the national level, still on the level of the general discipline on waste, the regulation on EPR is contained in art. 178 bis of Legislative Decree 3 April 2006, n. 152 [29] entitled “Extended responsibility of the producer” and inserted in the single environmental text by article 3 of the legislative decree 3 December 2010, n. 205 [30]. This provision does not go, in concrete, beyond a mere affirmation of principle, concretized with primary legislation and on a precise European constraint, i.e., in the implementation of specific directives, such as the directive 2012/19/EU on Waste Electrical and Electronic Equipment—WEEE.



On the contrary, in the United States, there is no unique position about the EPR. Much of the legislation on the subject derives from the courts (after all, we are in a common-law system), often contradictory in this respect, as well as with respect to the applicable legislation [31]. In any case, US companies are the most avant-garde in terms of protecting the environment for e-waste [32].



In another example of a non-European Country, Korea, the EPR related to e-waste was introduced in 2003 [33].



Therefore, to date, in terms of e-waste in the EU states, hence also in Italy, an attempt is being made to promote sustainable development, moving from a linear economy, based on the typical scheme extract, produce, usage, and disposal to a circular economy, in which it is necessary to prevent waste and promote recycling activities [34,35]. The circular economy is, therefore, a planned economic system to reuse materials in successive production cycles, reducing waste to the minimum [36].



Instead of being thrown away, the product should be returned to the manufacturer according to the logic of reverse logistics. In other words, the positive impacts of the circular economy are derived from the adoption of recovery, reuse, recycling, sharing, and collaboration practices. These practices make it possible to replace raw materials along the different stages of the value chain, whether they are products or services, starting from innovation in the concept and design phase, leading to the definition of recovery processes and reverse logistics typical of management of products at the end of their life-cycle.



In this scenario, the proposed work aims to identify and evaluate the possibility to enhance the e-waste hierarchy applied to RFID tags from the producer point of view, analyzing different solutions to improve the environmental impact and reduce the EPR of the producer at any level of the waste chain. In this perspective, the novelty of this work consists on analyzing and proposing solutions for the RFID e-waste hierarchy, while to date, the actual concern is only related to employing RFID tags for general waste traceability and control, without considering the impact of RFID as e-waste themselves or to the material recovery from RFIDs [37], which is only the last step of the e-waste chain. Possibilities among waste prevention, reuse, recycle, energy harvesting, and disposal are investigated to identify the best solution related to each type of RFID product, as well as cost/benefit analysis for the producer. The paper is structured as follows: The introduction provides background about RFID technology and related drawbacks about e-waste and environmental impact. Thus, the aim of this work is to propose solutions to mitigate the problem in accordance with the current legislation. In the Materials and Methods section, the adopted research approaches are reported, while in the Results and Discussion, the proposed analysis and solution are enucleated. Finally, the Conclusions recaps the conducted work.




2. Materials and Methods


The present work is considered to be empirical, conducted with the aim of deeply collecting information in a real-life scenario, since the boundaries between phenomena and background are not well-defined. The method can be considered quantitative once the variables are analyzed by measurable values. Investigative research is an initial step when understanding the subject matter does not allow definite conclusions [38].



First, an in-depth analysis of RFID tags technology was conducted in order to understand advantages, as well as drawbacks and impediments of current devices, for the e-waste hierarchy improvement. An RFID system mainly consists of two fundamental components (Figure 3): A tag (transponder image/tag) that contains, in a dedicated memory, information about the object to be identified on its location, and a reader which queries and receives information in response to the tag interrogation and can compare it with that contained in a database, to which it is connected to the network [39].



The reader is represented by a transceiver, controlled by a microprocessor, and can be classified according to whether the antenna is integrated or external. To interact with contact transponders or at very short distances, it is sufficient to use very small antennas, while for operating at higher distances, larger antennas are usually required.



As for the TAGs, the classification instead takes a greater number of parameters into consideration (Figure 4): The presence or absence of a memory chip, the frequency of operation, the possibility to use TAGs for Read-Only operations or Read-Write operations, and finally, the power supply requirements, which are different for active, semi-passive or passive TAGs [40]. Low-frequency and read-only passive tags are the ones most commonly used, as they are typically low-cost, small-sized devices that allow for many types of applications [40,41].



They are, in fact, constituted only by an antenna (typically printed) and by a miniaturized integrated circuit (IC). The height of passive TAGs can also be of a few hundred microns and can, therefore, be integrated into credit cards, adhesive labels, buttons, and other small plastic objects, sheets of paper, banknotes, and entrance tickets, thus generating real “talking” smart objects.



Once specific information was acquired about the technology and device characteristics, such as design methods and employed materials, a deep research was performed by means of desk research technique in order to investigate among all solutions and possibilities currently available in literature for each class of RFID tag and to promote reduction of e-waste production, acting at every step of the e-waste hierarchy, in accordance with Italian and, more in general, global WEEE directive and, therefore, with the EPR.



Regarding technical information about RFID technology and systems related to the analysis of potential prevention, reuse, recycle, and efficient disposal of tags, as well as cost/benefit analysis, several reliable papers and conference proceedings have been considered by means of specific research with proper keywords, as summarized in Table 1.



The web was used to search for the complete texts of the laws and to identify the companies that use RFID tags. The same web highlighted the lack of companies that are concerned with the reuse and recycling of RFID tags. In fact, by typing the keywords “RFID” and “e-waste tags”, the obtained results are all related to companies that use tags for the traceability of waste. Only SMART RES s.p.a. is concerned with producing biodegradable RFID tags. In Table 2, these websites are reported, sorted according to the keywords and the date of access.




3. Results and Discussion


In this section, results of the conducted research about the problem of e-waste in general and to the RFID tags in particular for the producer are proposed, following the solutions based on the hierarchical principle of waste to avoid the EPR. For this purpose, the section has been organized in subparagraphs, as follows:




	
Prevention in the production of waste;



	
Reuse;



	
Recycling;



	
Disposal.








3.1. Prevention


According to the waste hierarchy principle, priority should be given to the prevention in the production of waste itself. The first and most important action to block the issue of waste is not to produce waste. However, it was largely demonstrated how RFID technology enables great advantages and enhancements for the environment and the production. Thus, not producing such devices could generate more disadvantages than benefits. Therefore, form the prevention point of view, it is necessary to operate at the design stage in order to obtain an eco-sustainable product where parts and materials can be easily disassembled.



As we mentioned before, tags can be active, passive, or semi-passive. The possibility of an eco-sustainable design depends on whether the tag is active and semi-passive or passive.



The passive tags have no internal power source, but draw energy from the radio waves sent by the reader that queries them to activate and retransmit the data, while the active tags, like the semi-passive ones, are powered by a battery which lasts for almost 3–5 years. However, once the battery runs out, the tag (or at least the battery) must be replaced.



The 125 kHz and 13.56 MHz tags, according to the ISO standards, are passive (without batteries), while for the UHF RFID technology, active, semi-passive, and passive TAGs can be employed.



The active tags are powered by batteries. The semi-passive tags are powered by batteries only to keep the internal circuit part active, while for signal irradiation, they use a part of the energy received from the radio wave that also transmits the information.



However, when the battery is present, it is not deeply integrated into the RFID system and can be removed. Since it is not possible to conceive an eco-sustainable design for the battery, the latter should be selected to have the highest energy capability per volume in order to extend the battery lasting. On the other hand, such a solution has some drawbacks related to costs and environmental impact for each battery technology. Therefore, a proper compromise should be considered while choosing the battery technology for the RFID device. In order to achieve the aforementioned target, the Lithium Thionyl Chloride technology for batteries is often used, since it offers promising performance in terms of energy density and costs (Table 3).



The Lithium Thionyl Chloride offers the highest energy density compared to other chemistries, with an average lasting up to 10 years for low-power applications. These batteries are able to sustain extremely low temperatures, enabling their employment for many outdoor applications, and they also produce limited emissions under abusive conditions, which is an advantage over other battery chemistries that use liquid to produce a gas byproduct.



In order to overcome the battery disposal problem from an eco-sustainable design point of view, an alternative can be found in novel, battery-less RFID technologies that rely on RF energy harvesting techniques [42,43] to gather the required energy for the tag from the environment or directly from an additional reader signal [44]. This solution comprehends the usage of few active devices, such as diodes, passive electronic components, and ICs, which are much less hazardous compared to batteries and allow for a theoretical endless usage.



Besides the power supply aspect, which involves only active and semi-passive tags, the crucial aspect for a sustainable design that allows waste and environmental impact prevention is the material choice involved for tag production. Nowadays, research and development (R&D) and industrial production include an extensive variety of electrical components that can be produced and directly included in low-cost manufacturing processes that mostly involve organic electronic components, conductive and semi-conductive materials–also known as green materials–being considered as a promising technology for an environmentally friendly, low-cost alternative for standard production processes. The usage of organic materials allows simple production techniques that do not require particular equipment, clean rooms, or hazardous chemistry. On the contrary, it is possible to implement passive electronic or electromagnetic structures with low-cost procedures, such as inkjet printing, which is suitable for passive tags implementation [45]. To date, researchers have demonstrated the possibility to exploit such organic technology for active electronic component implementation, like diodes and ICs, that enables the possibility for future implementation of a fully organic, zero environmental impact RFID tag [46,47,48].



In Italy, the idea of such a green tag, as mentioned in the introduction section, was already implemented by Smartres s.p.a. Company, which has implemented some low environmental impact tags. In 2005, Smartres patented a proprietary RFID manufacturing technology called inlay-less, mainly based on the usage of additive copper manufacturing that does not require any chemical process for conductive structures implementation. The Smartres technology employs copper microwires that can be used for conductive traces implementation that are thermally transferable over a large variety of materials without the need of the intermediate plastic substrate (Figure 5). Without the usage of inlays, it is possible to implement RFID tags over biodegradable labels or supports, such as polyamide, paper, and textile, that are ecofriendly and can be easily disposed of without environmental threats [49].




3.2. Reuse


In this section, opportunities, advantages, and disadvantages of RFID tags reuse are discussed based on recent technology and standards that involve tags manufacturing and protocols.



The key aspects that allow an RFID tag to be reusable during its lifetime are the possibility to be rewritable many times and its robustness, i.e., the capability to keep its electrical and mechanical integrity over time.



According to the Electronic Product Code (EPC) and ISO18000 standards, as depicted in Table 4, not all the tags can be rewritten since they are manufactured to be programmed only once and are intended for Read-Only purposes.



With regard to active and semi-passive tags, they are always rewritable and thus reusable. Usually, the package is made of rigid plastic or flexible protective material, allowing the device to be resistant to its usage over time. The only concern is the battery, which is a limited energy source and limits the lifetime of the tag. Solutions to this problem, referring to general purpose applications, consist of battery replacement or the employment of rechargeable batteries.



As shown in Table 5, which refers to coin-size battery comparison with a capacity ranging from 40 mAh to 50 mAh, and without loss of generality, the employment of rechargeable batteries represents a higher initial investment with respect to non-rechargeable battery endowment. However, they can be recharged and, consequently, reused up to 2000 times, allowing the producer to ideally save over time around $500 in the worst case and around $5100 in the best case per each employed rechargeable battery.



Active RFID tags are usually used for tracking high-value resources over a large zone. They could be used for tracking vehicles in a lot or for tracking valuable objects or equipment within a structure. They are most beneficial when items need to be firmly controlled. Consequently, the number of active tags usually employed is relatively small, compared to general-purpose passive tags that are used, e.g., in warehouses and distributions, retails and point-of-sale, inventory management, and supply chains.



Therefore, reuse possibilities for passive RFID tags represent a valuable and relevant aspect within the EEE waste hierarchy in terms of economic and environmental impact. As mentioned for active tags, one of the crucial properties that an RFID device should have to enable the opportunity of reuse is the possibility to rewrite information. However, referring to Table 2, the majority of HF–UHF passive tags are intended to be Read-Only or WORM devices, invalidating any reuse chances, since there is no possibility to store new information into the recovered device memory. However, the new, second-generation of EPC Class 1 UHF passive tags, which is one of the most used in RFID systems, actually widens the opportunities of usage. Indeed, the protocol states that the internal memory can be read or written, with two distinct commands: Write command, which stores a single 16-bit word, and BlockWrite command, which allows writing one or more 16-bit words per time. The standard also includes two levels or password, kill password and access password, that allows to lock or permanently lock write operations, or to enable or permanently enable such command with or without encryption. Consequently, this protocol allows reusing the tag since it can be rewritten without privacy or counterfeit problems, and since the write operation can be enabled and password protected. On the other hand, setting up a write password will have an impact on the tag production process, since the write operation can require more time when it is password protected. Therefore, production will be affected by higher production costs. In Figure 6, code differences between writing and write with lock operation are illustrated for the Bixolon SLP-TX400 RFID tag label printer, showing that the secured writing operation requires two additional instructions.



The second important feature for reuse of passive RFID tags is the durability. Most UHF passive tags are manufactured over plastic or paper self-adhesive labels. Thus, the process of removing the tag from an object could destroy the link between the RFID chip and the antenna, compromising the functionality of the tag itself. In other words, UHF passive tags cannot be easily reused, unless they are enclosed in protective plastic or other material that will allow them to survive the removal process.



In Table 4, several UHF passive tags with different substrate materials and relative costs are reported. It is evident that the price of a simple, self-adhesive paper tag is lower, but the difference is not as significant, especially when some additional features are required for a normal cycle of operation, such as waterproof features for outdoor applications, which typically occur in the supply chain.



Based on all the variables that have been identified for the reuse process of UHF passive RFID tags, it is possible to project a cost/benefit hypothetical analysis, with the following considerations:




	
The time needed for different tag writing operations may differ, depending on technology and data payload to be programmed. For this analysis, the example codes of Figure 7 have been considered, with five commands and seven commands for a simple write operation and secured writing operation, respectively, and assigning a uniform computational cost per each operation.



	
Prices associated with each type of passive tag may vary, depending on the producer and requested quantity. Best case, lower costs for standard, self-adhesive tags and pet flexible, transparent tags–as reported in Table 6—have been considered.



	
Not all the tag programmers are compatible with password read/write operations. However, the initial investment for a proper programmer has not been considered, since it is strongly dependent on many other factors that are linked to the needs of the company.








The increase of time required for a single secured write operation, for reuse purposes, can be computed as the ratio between the number of instructions A needed for password write and the number of instructions B required for a simple write operation, which is equal to 1:4. This limits the maximum number of tags that can be written over time. If a company produces 1000 standard tags per day, the maximum rewritable tag number, for the same company, will be 714. Based on this consideration, an annual cost prospect is followed (Figure 7), with different percentages of returned tags. It can be noticed that, in this configuration, the annual costs for a company that adopts the reuse process is lower as the returned tags are more than 30% of the total amount of tags. Moreover, the annual amount of programmed tags corresponds to 365 K for a standard process and to 260 K for a reuse-enabled process, since the maximum number of programmable tags per day is reduced. If each tag is sold at a price three times greater than the self-adhesive paper tag purchase price, for both standard and reuse processes, the cost-to-earnings ratio is increased up to 112.3% for a 50% of returned tags and up to 140.7% for a 60% of returned tags.



It is important to underline that this analysis does not take into account two important factors, which have not quantified at this stage: The first is represented by the benefit that the producer could earn with a “green image” of the company, which is associated with the reuse process. The second is linked to the EPR, since the total amount of e-waste that derives for RFID tags is significantly reduced, therefore the cost associated with the producer responsibility of waste production is potentially lowered.




3.3. Recycle


Recycling means turning waste into reusable materials. It is an effective system for reducing energy consumption in industries and for saving on raw materials.



One of the crucial points of recycling is the consumers’ behavior. If the customer does not send back the product, now considered as e-waste, there is no possibility to have an efficient recycling system. Therefore, the citizens’ education in the matter of e-waste treatment is essential [50,51].



Moreover, the consumer, in this sense, represents an important piece for the circular economy, in order to increase the number of raw, recovered materials [50,51,52,53,54,55].



Table 7 is related to the materials that compose an RFID TAG, highlighting which of these materials, according to the Institut für Aufbereitung und Recycling RWTH Aachen University (I.A.R.) et all [38], are actually recyclable with an economic return for the producer who is concerned with recovering them.




3.4. Disposal


If the product reaches its end-of-life and none of the alternatives foreseen by the waste hierarchy are feasible, the EPR can become a problem for small- and medium-sized enterprises. Waste disposal is a cost that falls entirely on the manufacturer. Therefore, consortia have been established, generally voluntary and non-profit. In this way, free competition is guaranteed (guaranteed by Articles 101 and 102 of the Treaty on the Functioning of the European Union), since the producer is allowed to divide the disposal costs with the other producers.



These consortia are widespread internationally and are distinguished by the type of equipment or type of market served: From refrigerators to lamps and from computer equipment to small appliances.



These collective systems can have direct proprietary treatment facilities, where WEEE belonging to its members can be channelled or operated as simple “waste brokers” using third-party facilities. Nevertheless, the continuous and growing worldwide development of electric and electronic devices is linked to an increased number of e-waste. Consequently, e-waste collection and disposal management are becoming critical. Therefore, novel e-waste management models are needed and researchers are paying great attention to such problem [56].



An example, limited to Italy among the main operational collective systems, is the APIRAEE consortium, established in September 2007. Additional examples include the CCR Consortium, which is actually active in many states of the European Community, and in the United States, the Remedia Consortium.



After all, disposing of electronic waste is a cost. It is precisely for this reason that eco-mafias are enriched with the illegal disposal of this type of waste from the electronics industry: According to UNEP data, the United Nations environmental program, 90% of the world’s electronic waste is disposed of and illegally downloaded for a turnover of 19 billion dollars.



Smartphones and computers are among the objects that contribute most to accumulation. The export of hazardous and environmentally hazardous waste from OECD countries to those that are not part of it is prohibited, but thousands of tons of waste continue to be exported after being declared as secondhand goods.



Ghana, Nigeria, China, Pakistan, India, and Vietnam are turning into waste disposal centers for the illegal disposal of electronic waste, and it is believed that this also applies to very small electronic waste, including RFID TAGs [57,58].





4. Conclusions


The present research starts with a study of e-waste in general, identifying RFID tags as the best tool for a correct management of such waste. However, the RFID tags, in turn, constitute e-waste themselves and the cost of their pollution falls, according to the legislation currently in force in Europe, on the producer, to whom the European Union itself entrusts the task of scaling the hierarchy of waste. The costs for the producer for each step of the waste hierarchy have been identified, as well as opportunities to enhance the e-waste hierarchy. In the first step, some manufacturing companies have been identified that propose an eco-design to prevent rejection. By preventing waste, obviously, the cost for the producer would be lower, because there are no concerns about the amount of e-waste. In the reuse, a possibility has been proposed to increase and improve the salvage of tags, depending on the type of tag itself, specifying which are the opportunities to be able to re-issue RFID tags on the market, based on the functionalities of the distribution. A cost/benefit analysis with a focus on passive tags, which are the most widely used ones within the industry and in the distribution supply chain sector, is also presented here. The third thread on the hierarchical scale is recycling, where we briefly focused on what are the opportunities for recovery of raw materials starting from the e-waste connected to the RFID tags, showing those that can be the real revenues or benefits that are can get from the recovery of the same materials. Finally, the last step on the waste scale is disposal, the costs of which are redistributed, through consortia, among several producers in a logic of free competition.
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Figure 1. The waste collection cycle carried out by Sistema Ambiente s.p.a. company in Lucca, Italy. 
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Figure 2. The trend of e-waste quantity produced in recent years globally. 
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Figure 3. Typical Radio Frequency Identification (RFID) system block scheme. 
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Figure 4. RFID technology classification based on (a) the frequency of operation; (b) active, semi-passive, or passive circuitry. 
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Figure 5. The Smartres s.p.a. inlay-less RFID technology. 
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Figure 6. The Bixolon SLP-TX400 RFID code examples for writing and secured writing operations. 
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Figure 7. Annual cost projections for standard, non-reusable tags versus reused tag with different percentages. The blue bars represent the standard tags while the orange bars indicate the reuse tag process. 






Figure 7. Annual cost projections for standard, non-reusable tags versus reused tag with different percentages. The blue bars represent the standard tags while the orange bars indicate the reuse tag process.



[image: Applsci 09 03422 g007]







[image: Table]





Table 1. List of considered papers, ordered by date, based on specific keywords.
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Table 2. List of companies that use RFID tags: keywords of research, websites, and date of access.
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Keywords

	
Link

	
Accessed






	
Tags RFID

	
http://www.tagapplication.it/rfid
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Table 3. Classification of battery technologies mostly used for RFID devices.
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	“
	Rechargeable
	Energy Density [Wh/L]
	Cost [Wh/$]
	Disposal Classification
	Proper Disposal





	Alkaline
	No
	250–434
	0.47
	Non-Hazardous
	Trash (normal municipal waste)



	Carbon Zinc
	No
	92
	3.02
	Non-Hazardous
	Trash (normal municipal waste)



	Lithium, Li-Ion
	Yes
	560
	2.68
	Hazardous
	Recycle



	
	
	
	
	
	



	Nickel-cadmium
	Yes
	100
	3.22
	Hazardous
	Recycle or Household Hazardous Waste Collection Site



	
	
	
	
	
	



	Nickel Metal Hydride
	Yes
	401
	3.22
	Non-hazardous waste
	Recycle or place in the trash (normal municipal waste)



	Mercury Oxide
	No
	300–500
	
	Hazardous
	Household Hazardous Waste Collection Site



	Lithium Thionyl Chloride
	No
	1200
	5.1
	Hazardous
	Recycle
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Table 4. RFiD EPC classification.
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EPC Class

	
Standard

	
Frequency

	
Power Supply

	
Memory






	
Class 0 Gen 1

	
900 MHz Class 0—RF Identification—Tag Specification

	
UHF

	
Passive

	
Read-Only




	
Class 1 Gen 1

	
13.56 MHz ISM Band Class 1

	
HF-UHF

	
Passive

	
WOR