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To the reader,

this volume contains the long papers of the Sinergie-SIMA 2024 Management Conference, hosted
by the University of Parma on June 13" and 14" 2024.

Theory and practice in the field of management have been challenged by the emergence of

sustainability and well-being as major global policy priorities. Both sustainability and well-being

are complex, value-laden, and strongly interconnected; however, they tend to exist in separate
realms.

Sustainability literature has recorded an evolution in the way the concept of sustainable

development is understood, leading to the articulation of sustainable development as human “well-

being” and “flourishing”, rather than “needs”. Nevertheless, some scholars have pointed out a lack
of clarity in the conceptualization, which causes some ambiguity in terms of definition (Ronen &

Kerret, 2020). Kjell (2011) observed that human needs and well-being are poorly understood,

characterized, and developed by sustainability research. Along the same vein, Helne & Hirvilammi

(2015) observed that the overarching goal of sustainable development (i.e., well-being) has often

been narrowly interpreted, mainly in economic terms, while connections between the natural

environment and human flourishing have been overlooked. More recently, O’Mahony (2022)

remarked that the literature conceptualizing human well-being continues to exist largely outside

sustainable development. Hence, placing well-being more clearly within the sustainability
framework could be highly beneficial to sustainability.

Concurrently, the literature on well-being is almost entirely dissociated from the contributions of

nature or the relationships with ecological and planetary systems (Roberts et al., 2015), and the

importance of social dimensions is an emergent conclusion. Therefore, the rationale of contextual
systems inherent to sustainability research (incorporating views of times, society, and biosphere)
could significantly enrich well-being research, fostering a more holistic perspective on well-being

and an increased awareness of the limits of individual well-being pursuits (Kjell, 2011).

In brief, though well-being has major implications for sustainable development and vice versa, the

body of literature that effectively integrates sustainability and well-being remains in an embryonic

stage.

The above considerations aim to act as catalysts for an interdisciplinary debate within the field of

management. Enriching the conception of flourishing well-being in sustainability and the

contribution of nature to well-being can produce impactful scientific research, as O’Mahony (2022)

points out. Equally important is the analysis of the links between sustainability and well-being,

encompassing synergies and trade-offs at the organizational level, in value chains, and in
interactions with stakeholders across various industries.

The Sinergie-SIMA 2024 Management Conference welcomed contributions based on different

theories, methodological approaches, and units of analysis with the potential to empower a

transformation for flourishing individuals, society, and the natural world alike. More precisely, the

Conference was a great occasion to discuss the research efforts of our research community within

tracks related to the:

e Conference theme (Management of sustainability and well-being for individuals and society),

e SIMA thematic groups (Entrepreneurship, Innovation & Technology Management, Intelligenza
manageriale nel management, International Business, Marketing, Purpose-driven Businesses,
Retailing & Service Management, Small & Family Business, Strategic Communication, Strategy
& Governance, Supply Chain Management, Logistics & Operations, Sustainability, and Tourism
& Culture Management),

e special tracks (Examining the social and environmental relevance of sustainable digital business
models: Impact on business practices and consumers, Growing resilient Italian SMEs, and
Perspectives on grand challenges in international business and implications for companies),

e Management Case Studies.
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The Conference call for papers gave the opportunity to submit either short and long papers. Overall,
the editorial staff received 277 submissions of which 215 short papers and 62 long papers.

For the short and long papers, the evaluation followed the peer review process, with a double-blind
review performed by, respectively, one or two referees - university lecturers and experts about the
topic - selected among SIMA and the community of Sinergie members.

In detail, the referees applied the following criteria to evaluate the submissions:
- clarity of the research aims,

- accuracy of the methodological approach,

- contribution in terms of originality/innovativeness,

- theoretical and practical contribution,

- clarity of communication,

- significance of the bibliographical basis.

The peer review process resulted in full acceptance or rejection of the submissions. In the case of
disagreement among reviewers’ evaluations, the decision was taken by the Chairs of the SIMA
thematic groups or conference track. Each work was then sent back to the Authors together with the
referees’ reports. The suggestions received by the referees were used by the Authors during the
presentation of their research works at the Conference.

The evaluation process ended with the acceptance of 211 short papers and 58 long papers. This
volume proposes the papers whose Authors have authorized their publication.

All the long papers published in this volume were presented and discussed during the Conference
and published online on the web portal of Sinergie-SIMA Management Conference
(https://www.sijmsima.it/).

While thanking all the Authors, Chairs, and participants, we hope that this volume will contribute to
advance knowledge about the management of sustainability and well-being for individuals and
society.

The Conference Chairs

Guido Cristini, Beatrice Luceri, Arabella Mocciaro Li Destri, and Marta Ugolini
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Sustainable Management of the Photovoltaic Waste Stream: Regional
Analysis and Economic and Management Perspectives

ANDREA FRANZONI! CHIARA LEGGERINI> MARIASOLE BANNO®

Abstract

Photovoltaic panel utilisation has grown significantly in Italy and globally during the past two decades. This
technology's primary benefit is that it converts sunlight into power without emitting greenhouse gases throughout its
operation. The lifespan of solar modules is typically restricted to approximately 25 to 30 years. Hence, it is logical to
anticipate a further rise in the generation of associated waste in the upcoming years. We suggest a regional approach to
estimate the amount of waste that will require disposal, considering the various types of panels now employed in Italy.
This method will allow efficient planning of waste management for solar panels. Furthermore, it will encourage the
advancement of innovative recycling and material treatment methods, reducing the environmental footprint and
guaranteeing sustainable waste management in the future. The methodology will be applied focusing on the installation
of solar panels using different technologies (thin film, monocrystalline silicon, and polycrystalline silicon) in Italian
regions from 2000 to 2022. A preliminary economic assessment of the materials that can be recovered from photovoltaic
panels will be provided.

Key words: circular economy; EoL PV modules; forecasting; PV waste management; sustainability.

Framing of the research. Since the 2000s, there has been a significant global spread of photovoltaic energy as a
source of electricity in various regions. This technology is adaptable, widely produced, and has affordable installation
costs, making it highly popular among individuals and companies. The global installed capacity increased from 224.215
MW in 2015 to 1.055.030 MW in 2022, marking a growth of almost 350% in a span of 7 years (Source: IRENA, 2023).
The total installed capacity in Italy has significantly expanded since 2008 and continues to grow rapidly, as shown in
Figure 1.

Fig. 1: Cumulative PV power installed in Italy (MW)
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The installed capacity in Italy increased by 20.6% during the year 2022, rising from 22.594 MW to 25.094 MW (GSE
Report, 2008-2022). Photovoltaic panels are the third most important renewable energy source in terms of installed
capacity, following hydropower and wind (IRENA, 2023). Furthermore, solar energy is anticipated to emerge as one of
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the most prominent forms of renewable energy in the years to come (Romel et al., 2024; Xu et al., 2018). As a result of
these installations, there will be a substantial increase in the quantity of waste that is produced by photovoltaic panels in
the coming years. Furthermore, despite the ongoing attempts to create new technologies related to renewable energy
sources, there is still a void in the literature concerning relevant solutions for the management of photovoltaic modules
when they have reached the end of their life cycle (Mahmoudi et al., 2019; Malandrino et al., 2017). Many studies have
made an attempt to forecast the waste stream that will be generated by photovoltaic panels in the European and non-
European Countries (Czajkowski et al., 2022; Sharma et al., 2023; Tan et al., 2024). used the Weibull function to make
the prediction of the waste load in Australia till the year 2059. The life cycle of photovoltaic cells was also taken into
consideration. It was necessary to estimate the degree to which photovoltaic technology has penetrated the market in
Australia. The authors also recommended the computation of the individual materials that comprise photovoltaic
modules. Furthermore, by evaluating the rate of reuse of individual components, they forecasted savings from the
recovery of these components for the creation of new modules. This was done from the perspective of a circular economy.
Paiano (2015) suggests doing a study that is comparable to this one in Italy; however, the author assumes a fixed period
of 25 years as the span of the lifecycle, and the forecast is carried out up until the year 2050. In addition, various
photovoltaic panel technologies from the first and second generations are taken into consideration. Calculations were
also made in this instance to determine the quantities of waste that were produced and then separated into the various
components. Using the Weibull function and taking into account not only the photovoltaic module but also the Balance
of System (BOS), which is the collection of all components that are necessary for the proper functioning of photovoltaic
modules, Dominguez & Geyer (2017, 2019) carried out a calculation that was comparable in both Mexico and the United
States. The authors of this study took into consideration a life cycle that is typically thirty years long. When applying the
Weibull function and taking into consideration an average life of thirty years, Romel et al. (2024) made a prediction
regarding the quantity of panels that will be available at the end of the life cycle by the year 2045. After then, the outcomes
of this particular case were compared with the reports written by IRENA in order to determine how good the results were.
Kim & Park (2018), in contrast to the research that were stated earlier, presented not only the waste prediction modelled
by the Weibull function but also a defined usable life duration of 25 and 30 years in two different scenarios. As a result,
it was possible to do more analyses using data that was comparable. In conclusion, Sharma et al. (2023) not only made
a prediction for the quantity of photovoltaic panels that will reach the end of their useful life in India, but they also
investigated the issues of reuse, recovery, and disposal, as well as the implementation of policies and strategies that
encourage more sustainable waste management.

Purpose of the paper. The present study is still a work in progress. The aim of this research is to provide a regional
method that is capable of addressing the developing difficulty connected to the management of waste resulting from the
increasing use of photovoltaic panels. Due to the fact that photovoltaic modules have a limited lifespan, it is expected
that there will be a significant increase in the amount of generated waste. As a result, the primary purpose of this research
is to develop a method that is both efficient and accurate in determining the quantity and nature of waste that will be
generated across the nation, as well as the locations where this waste will be generated. By developing the research for
each region of Italy. The study serves as a helpful instrument for businesses operating within the sector to evaluate and
plan for the management of solar waste in a sustainable manner. This strategy aims to minimize the environmental impact
of photovoltaic waste production by estimating the recoverable amount. Additionally, it aims to promote the advancement
of recycling and material treatment through research and development of innovative solutions. This will help to ensure
that waste management is sustainable over the long term, with the ultimate goal of achieving a circular economy. In order
to give data and practical tools that can be used to guide waste management decisions and policies in the solar energy
industry, the approach that has been developed is specifically applied by taking into consideration solar panel
installations in Italian regions and in various technologies from 2000 to 2022.

Methodology. The proposed methodology is divided into seven steps (Figure 2).

Fig. 2: Methodology to estimate photovoltaic waste
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The first critical data are the total new installations for each year for each technology in each Italian region from
2000 to 2022 (measured in terms of installed power - MW). We consider three types of photovoltaic modules, which
represent almost the entirety of the national market, and consist of monocrystalline silicon, polycrystalline silicon and
thin film (GSE Report, 2008-2022). The source data (i.e. the new installations for each year broken down by technology
and for each region) were obtained from the GSE (Gestore dei Servizi Energetici) reports and from a personal reworking
of the data by the Terna database. Due to lack of obtainable data, assumptions were made:

1) 2000 - 2007: data are not available. It was necessary to consider new installations for each region
as:

New installations (t) = Total installations (t) — Total installations (t — 1)

The only statistics available for this period are the total installations in Italy at the conclusion of period t. It was
therefore necessary to consider the breakdowns of photovoltaic modules as zero over this short period. We took this
assumption into account due to the limited number of photovoltaic modules in Italy till 2007. In addition, the
percentage distribution of different photovoltaic module technologies within Italian regions was considered constant.

2) 2008 - 2014: data are not available. Data on new installations in Italy are available for each year. To obtain the data
on new installations per region, the percentages of installations per technology in the different regions were
considered constant, taking 2015 as the reference year.

3) 2015 - 2022: data on new installations are available for each region and for each year.

As a result, in Figure 3 new installed capacity by Italian region for different years are reported, respectively 2012, 2017,
2022.

Fig. 3: New installed capacity by region (MW)

2017 2022

Source: Personal elaboration from data available on GSE Reports 2008-2022

By multiplying the total number of new installations by the percentage of technology used in each region, we obtained
the necessary data. The data obtained in MW were converted into Kg of PV modules, obtaining the conversion factor
from EPDItaly (Environmental Product Declaration), following the methodology proposed by IRENA (2016) and applied
by Mahmoudi et al. (2019) and Paiano (2015). Prediction regarding the generated waste stream was conducted for
different scenarios:

- Fixed loss: considering a useful life of 25 years (Paiano, 2015).
- Early loss e Regular Loss: both modelled using Weibull function.
The Weibull function is reported as follow:

tia
Fi)=1—e @
Where t represents the useful life of the photovoltaic module, T represents the considered average life of 25 years,
and o is called the shape factor and is responsible for the shape of the Weibull curve. An o value of 2.4928 was considered

for the Early-loss scenario, and a value of 5.3759 for the Regular-loss scenario. (IRENA, 2023; Mahmoudi et al., 2019;
Sharma et al., 2023). In Figure 4 probability of loss based on Weibull function is reported.
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Fig. 4: Probability of loss based on Weibull function
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In Table 1 average lifetime of photovoltaic modules considered in other studies are reported, divided into different

regions.
Tab. 1: Values of average lifetime of PV considered in other studies
Region Global (IEA, Mexico Australia Italy (Paiano, Europe (Lugo- | India (Sharma
2016) (Dominguez & (Mahmoudi et | 2015; this study) | Lagunaetal., et al., 2023)
Geyer, 2017) al., 2019) 2021)
Average lifetime 30 30 30 25 25 25
(year)

Data on the composition of the materials making up the photovoltaic modules and their recovery rates will allow us to
proceed to the final stages of the study, namely the estimation of recoverable materials and the resulting savings
(Dominguez & Geyer, 2017, 2019; Peeters et al., 2017).

Results. It is important to keep in mind that the current study is still considered to be a work in progress. One of the

most important findings, is the precise calculation of the quantity of material that may be recycled or reused from
photovoltaic cells that have been discarded. This was done within the framework of the circular economy. This
computation method was carried out for each of the locations in Italy as well as for a variety of technologies, taking into
consideration the time period spanning from the year 2000 to 2047. This particular time span was selected to be reflective
of the typical lifecycle of photovoltaic panels, which is anticipated to be somewhere between 25 and 30 years.
Taking into consideration the current historical backdrop, we designed an investigation to determine whether components
from decommissioned solar panels could be categorised as dangerous or crucial (Lin et al., 2022). It is essential to take
this step in order to acquire a comprehensive understanding of the environmental and socio-economic implications of
solar waste management, particularly considering the rising issues that are associated with the availability of resources
and the safety of materials (Lin et al., 2022). In addition to the quantification of the materials that are recyclable or
reusable, a comprehensive economic analysis of these materials will also be carried out. The purpose is to determine the
economic value of these materials and, from the point of view of a circular economy, the potential cost savings that the
recovery of these materials might entail when it comes to the production of new photovoltaic modules. In addition to
evaluating the viability of investing in recycling and reuse processes, this stage is vital for gaining a comprehensive
understanding of the economic ramifications of adopting circular economy strategies in the photovoltaic panel industry.
We will be able to provide an evaluation of the potential economic value of these materials. In the solar panel business,
this gives a strong basis for making informed decisions and developing waste management plans, which in turn
contributes to the promotion of responsible and sustainable resource management.

Research limitations. The presented research may encounter some limitations. Firstly, the collection of detailed data
on the installation and distribution of solar panels may be hampered by the lack of comprehensive information, especially
regarding the specific technologies used and accurate waste disposal predictions. As presented in the methodology
section, some assumptions were made in order to obtain the necessary data for the completion of the study. This might
compromise the replicability of the study for other states. In particular, both national and international databases were
used, such as Terna, IEA (International Energy Agency), GSE (Gestore dei Servizi Energetici) and IRENA (International
Renewable Energy Agency); despite this, the regional market breakdown per technology used was not always detailed
and timely, and needed to be adapted. Another aspect to consider is related to the assumptions made about the
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replacement of existing solar panels with new, more efficient technologies over time. Changes in replacement rates could
affect waste generation projections. The complexity of photovoltaic waste management is a further challenge, especially
if there is no adequate infrastructure for recycling and material treatment. Research may not fully address the practical
realities and economic challenges of PV waste management. Environmental and social factors, such as impacts on human
health and the environment due to exposure to chemicals during material recycling, would merit further investigation
and a dedicated study. Finally, the research conclusions may be specific to the Italian context and may need to be adapted
to be applied to other regional or national contexts.

Managerial implications. The exponential increase in the use of solar panels over the last 20 years has raised

awareness of the importance of managing the technology's life cycle responsibly. When solar panels reach the end of
their useful lives, it is essential for businesses and policymakers to make preparations for the management of waste not
only during the manufacture and installation phases, but also after the panels have been installed. A strategic approach
is required for this planning, which includes not only an accurate assessment of the amounts and types of waste that are
generated, but also the creation of new solutions for the recycling and treatment of these wastes. In this context, businesses
are being asked to make investments in the research and development of technologies for the recovery and treatment of
photovoltaic materials, and they are being asked to achieve this in collaboration with other participants in the industry,
governmental organisations, and research institutes. This partnership could be critical in developing sustainable
solutions that can adapt to the rapid evolution of technology and environmental legislation.
This research is designed to provide utility for all parties involved. First and foremost, from the perspective of the
businesses, it could be interesting to have a clear understanding of the economic return, that the photovoltaic recovery
sector will have in the years to come. In this regard, the originality of the research, which consists of the determination
of the amounts and regional position of the waste stream that is generated, is an helpful and all-encompassing instrument
for the period of strategic business planning. On the other hand, the management implications of the circular economy
in the photovoltaic panel industry necessitate a strategic and coordinated approach at the governmental level (Goe &
Gaustad, 2014). In the past, policymakers in Italy have provided incentives for the manufacturing and installation of
solar systems in order to encourage the growth of the photovoltaic industry so that it may serve both private and corporate
consumers. In recent years, the growing utilisation of this technology has resulted in an immediate requirement to handle
the issue of waste generated by photovoltaic cells at the end of their useful lives. To handle this new problem, policymakers
must also encourage laws and regulations aimed at recovery and maximising the use of available resources (Goe &
Gaustad, 2014). In addition to providing incentives for practices that involve the study and development of technology
for recycling, recovery, and treatment of photovoltaic materials, these policies should also provide incentives for
manufacturers to use recovered end-of-life materials as inputs (Lin et al., 2022; Zhang et al., 2023). Furthermore,
policymakers should support the formation of partnerships between the public and commercial sectors, research
institutes, and non-governmental organisations to create new and collaborative solutions for the intelligent management
of photovoltaic panel waste. In order to achieve this objective, it is necessary to implement monitoring and control
methods in the photovoltaic industry in order to guarantee compliance with environmental requirements and to ensure
that waste is managed appropriately.

Originality of the paper. The originality of this paper lies in the innovative approach proposed to address a growing
environmental challenge arising from the expanding use of photovoltaic panels. Although solar technology has provided
substantial benefits in the production of clean energy, the research emphasises a frequently underestimated aspect: waste
management at the end of the panels' life. As previously mentioned, various studies have been published in recent years
to determine the quantity of waste generated by solar modules (Dominguez & Geyer, 2017, 2019; Mahmoudi et al., 2019;
Paiano, 2015; Peeters et al., 2017; Santos & Alonso-Garcia, 2018; Sharma et al., 2023). To the best of our knowledge,
no one has ever penetrated into the regional context. Instead, our study presents a specialised regional technique for
calculating and planning waste management from photovoltaic panels, taking into account the variety of technologies
employed and the predicted increase in waste generation. This strategy is innovative because it takes a long-term view
on solar waste management, anticipating and minimising potential negative environmental consequences. In particular,
the study addresses businesses by providing a useful tool for planning investments to respond to a rising problem in our
country, as well as the option to consider an economic return. On the other side, the study addresses policymakers in the
same way, encouraging businesses and investors to approach a sensitive and timely problem. As a result, applying the
proposed methodology to the specific Italian context makes an important contribution to the political and decision-making
context, providing data and concrete tools to help decision makers make decisions about photovoltaic waste management
and the promotion of effective environmental policies in the renewable energy sector.
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