VILNIUS
T E CH
llllllllllllllll
technikos un:l.ver‘sit_etus

“Tadas RADAVICIUS

ASSESSMENT OF CIRCULARITY
CONSTRAINTS IN THE EUROPEAN
UNION’S SOLAR PHOTOVOLTAICS
SUPPLY CHAIN

DOCTORAL DISSERTATION

SOCIAL SCIENCES,
MANAGEMENT (S 003)

Vilnius, 2025 2025-018-M







VILNIUS GEDIMINAS TECHNICAL UNIVERSITY

Tadas RADAVICIUS

ASSESSMENT OF CIRCULARITY
CONSTRAINTS IN THE EUROPEAN
UNION’S SOLAR PHOTOVOLTAICS
SUPPLY CHAIN

DOCTORAL DISSERTATION

SOCIAL SCIENCES,
MANAGEMENT (S 003)

Vilnius, 2025



The doctoral dissertation was prepared at Vilnius Gediminas Technical University in
2020-2025.

Supervisor
Prof. Dr Manuela TVARONAVICIENE (Vilnius Gediminas Technical
University, Management — S 003).

The Dissertation Defence Council of the Scientific Field of Management of Vilnius
Gediminas Technical University:

Chairperson

Prof. Dr llona SKACKAUSKIENE (Vilnius Gediminas Technical University,
Management — S 003).

Members:

Prof. Dr Audrius BANAITIS (Vilnius Gediminas Technical University,
Management — S 003),

Assoc. Prof. Dr leva MEIDUTE-KAVALIAUSKIENE (Vilnius Gediminas
Technical University, Management — S 003),

Prof. Dr Kiril PETROV ANGUELOV (Technical University of Sofia, Bulgaria,
Economics — S 004),

Assoc. Prof. Dr Mantas SVAZAS (Vytautas Magnus University, Economics —
S 004).

The dissertation will be defended at the public meeting of the Dissertation Defence
Council of the Scientific Field of Management in the Aula Doctoralis Meeting Hall
of Vilnius Gediminas Technical University at 10 a.m. on 15 May 2025.

Address: Saulétekio al. 11, LT-10223 Vilnius, Lithuania.
Tel.: +370 5 274 4956; fax +370 5 270 0112; e-mail: doktor@vilniustech.It

A notification on the intended defence of the dissertation was sent on 14 April 2025.
A copy of the doctoral dissertation is available for review at the Vilnius Gediminas
Technical University repository https://etalpykla.vilniustech.lt and the Library of
Vilnius Gediminas Technical University (Saulétekio al. 14, LT-10223 Vilnius,
Lithuania).

Vilnius Gediminas Technical University book No 2025-018-M

https://doi.org/10.20334/2025-018-M

© Vilnius Gediminas Technical University, 2025
© Tadas Radavicius, 2025
tadas.radavicius@vilniustech.lt



VILNIAUS GEDIMINO TECHNIKOS UNIVERSITETAS

Tadas RADAVICIUS

ZIEDINIY APRIBOJIMY VERTINIMAS
EUROPOS SAJUNGOS SAULES
FOTOVOLTIKOS TIEKIMO GRANDINEJE

DAKTARO DISERTACIJA

SOCIALINIAI MOKSLAI,
VADYBA (S 003)

Vilnius, 2025



Disertacija rengta 2020-2025 metais Vilniaus Gedimino technikos universitete.

Vadovas

prof. dr. Manuela TVARONAVICIENE (Vilniaus Gedimino technikos
universitetas, Vadyba — S 003).

Vilniaus Gedimino technikos universiteto Vadybos mokslo krypties disertacijos
gynimo taryba:

Pirmininkas

prof. dr. llona SKACKAUSKIENE (Vilniaus Gedimino technikos universitetas,
Vadyba — S 003).
Nariai:
prof. dr. Audrius BANAITIS (Vilniaus Gedimino technikos universitetas,
Vadyba — S 003),
doc. dr. leva MEIDUTE-KAVALIAUSKIENE (Vilniaus Gedimino technikos
universitetas, Vadyba — S 003),
prof. dr. Kiril PETROV ANGUELOV (Sofijos technikos universitetas, Bulgarija,
Ekonomika — S 004),
doc. dr. Mantas SVAZAS (Vytauto Didziojo universitetas, Ekonomika — S 004).
Disertacija bus ginama vieSsame Vadybos mokslo krypties disertacijos gynimo tarybos

posédyje 2025 m. geguzés 15 d. 10 val. Vilniaus Gedimino technikos universiteto
Aula Doctoralis posédziy saléje.

Adresas: Saulétekio al. 11, LT-10223 Vilnius, Lietuva.
Tel.: (0 5) 274 4956; faksas (0 5) 270 0112; el. pastas doktor@vilniustech.lt

Pranesimai apie numatomg ginti disertacijg i$siysti 2025 m. balandzio 14 d.

Disertacija galima perzitréti Vilniaus Gedimino Technikos universiteto talpykloje
https://etalpykla.vilniustech.lt ir Vilniaus Gedimino technikos universiteto
bibliotekoje (Saulétekio al. 14, LT-10223 Vilnius, Lietuva).



Abstract

The dissertation focuses on analysing circularity constraints within a supply chain.
The supply chain in this dissertation is defined as a circular supply chain (CSC)
that includes materials, components, and end-of-life management of products. The
identified research gap is a missing method for organisations to constantly im-
prove circularity in the supply chain. The dissertation aims to propose a circular
supply chain theoretical framework model for the continuous improvement of cir-
cularity in the CSC. Furthermore, a tool consisting of the sequence of the proce-
dure for identification and assessment of circularity constraints is proposed and
applied in the EU photovoltaics (PV) supply chain.

The literature analysis in the first chapter resulted in a list of indicators to
measure circularity and the proposition of a CSC theoretical framework. The sec-
ond chapter proposes a tool for identifying and assessing circularity constraints.
It also describes the methods used. The third part of the dissertation provides the
results of the methods used. Dissertation tasks include (1) analysing CE principles
in supply chains, (2) analysing theories and concepts related to CE in supply
chains, (3) developing an indicator system to measure circularity in the supply
chain, (4) proposing a circular supply chain theoretical framework model, (5) pro-
posing and applying a tool for circularity constraint assessment, and solution iden-
tification in the EU PV supply chain. The dissertation proposed a circular supply
chain theoretical framework model that expands the theory of constraints,
knowledge management, resource-based view and resource-dependency theories.
The research findings reveal how CE-related knowledge, resources, and capabili-
ties impact the EU PV supply chain’s circularity potential.

The dissertation findings are a list of circularity constraints within the EU PV
supply chain. The constraints range from a fragmented regulatory approach for
end-of-life PV module management in each EU member state to industry difficul-
ties in cooperating for circularity purposes. The top priority is the hesitant ex-
change of information. The hesitant exchange of information also affects the top
three constraints: insufficient traceability of photovoltaic modules, poor logistics
handling in the reverse supply chain and illegal end-of-life photovoltaic module
exports to non-European countries. The recommendations of the dissertation re-
sults suggest synchronising the regulatory landscape across the EU member states,
standardising end-of-life PV module operators’ data sharing for circularity pur-
poses, and implementing a centralised database in the EU to manage all CSC data
related to circularity.



Reziume

Disertacijoje daugiausia démesio skiriama tiekimo grandinés ziediniams apriboji-
mams vertinti. Siame darbe tiekimo grandiné apibréziama kaip Ziediné tiekimo
grandin¢ (toliau — ZTG), apimanti medziagy, komponenty ir produkty gyvavimo
ciklo pabaigos valdyma. Identifikuota moksliniy tyrimy spraga — triikstama prie-
moné, Kuria organizacijos galéty naudoti norint nuolat tobulinti Zieding tiekimo
grandine. Darbo tikslas — pasitlyti Ziedinés tieckimo grandinés teorinés sistemos
modelj, skirtg ziediskumui gerinti. Be to, sitiloma priemoné — Ziediskumo apribo-
jimy nustatymo ir vertinimo procediiros seka, kurig disertacijoje pritaikoma Eu-
ropos Sgjungos (toliau — ES) saulés fotovoltikos tickimo grandinéje.

Pirmame disertacijos skyriuje atlikta literatiiros analizé leido sudaryti ziedis-
kumo vertinimo rodikliy sarasa ir pasitlyti ZTG teoring sistemg. Antrame skyriuje
pasitlyta ziediSkumo apribojimy identifikavimo ir vertinimo priemoné bei apra-
Syti naudoti metodai. Treéig skyriy sudaro naudoty metody rezultatai. Darbo uz-
daviniai apima: (1) ZE principy tiekimo grandinése analize, (2) teorijy ir samp-
raty, susijusiy su ZE tiekimo grandine, analize, (3) rodikliy sistemos, skirtos
ziediskumui tiekimo grandinéje matuoti, sukiirima, (4) ziedinés tiekimo grandinés
teorinés sistemos modelio sukiirima, (5) ziediSkumo apribojimy vertinimo ir
sprendimy identifikavimo priemonés pasitilymg ir pritaikyma ES saulés fotovol-
tikos tiekimo grandinéje. Disertacijoje pasitilytas Ziedinés tiekimo grandinés teo-
rinis modelis praplecia apribojimy, ziniy valdymo, istekliais pagristo pozitirio ir
priklausomybés nuo istekliy teorijas. Tyrimo rezultatai atskleidzia, kaip su ZE su-
sijusios zinios, iStekliai ir geb¢jimai veikia ES saulés fotovoltikos tiekimo grandi-
nés ziediSkumo potenciala.

Disertacijos isvados atskleidZia ziediSkumo apribojimus ES fotovoltikos Zie-
dinéje tickimo grandinéje. Apribojimai yra skirtingy pobudziy — nuo fragmentisko
kiekvienos ES valstybés narés teisinio reglamentavimo, susijusio su eksploatuoti
netinkamy saulés moduliy tvarkymu, iki ziedinés tiekimo grandinés sunkumuy,
bendradarbiaujant ziediskumo tikslais. Neryztingas keitimasis informacija turi j-
taka ir Kitiems trims didziausiems apribojimams: nepakankamas fotovoltiniy sau-
lés moduliy atsekamumas, prastas logistinis aptarnavimas atvirkstinéje tiekimo
grandinéje ir neteisétas eksploatuoti netinkamy fotovoltiniy moduliy eksportas j
ne Europos $alis. Tyrimo rezultatais pagristose rekomendacijose sitiloma sinchro-
nizuoti ES valstybiy nariy reguliavimo aplinkg, standartizuoti nebenaudojamy
saulés moduliy operatoriy dalijimasi duomenimis ziediSkumo tikslais ir ES jdiegti
centralizuota duomeny baze, kurioje biity tvarkomi visi su Ziedikumu susij¢ ZTG
duomenys.
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Notations

Abbreviations

BAU — Business as usual (liet. jprasta veikia);

BOS — Balance of system (liet. sistemos balansas);

CBM - Circular business model (liet. Ziedinis versio modelis);

CE — Circular economy (liet. Ziediné ekonomika);

CSC — Circular supply chain (liet. Ziediné tiekimo grandiné);

EoL — End of Life (liet. nebetinkami eksploatuoti);

EPD — Environmental product declaration (liet. Aplinkosauginé gaminio dekla-
racija);

EU — European Union (liet. Europos Sgjunga);

EVA — Ethylene vinyl acetate (liet. etileno vinilacetatas);

KM — Knowledge management (liet. Ziniy valdymas);

LCA — Life-cycle assessment (liet. gyvavimo ciklo vertinimas);

MCP — Materials, Components & Products (liet. medziagos, komponentai ir
produktai);

POE - Polyolefin elastomers (liet. poliolefiny elastomerai);

PV — Photovoltaic (liet. forovoltineé);

RES — Renewable energy sources (liet. atsinaujinantys energijos Saltiniai);
RFID — Radio frequency identification (liet. radijo daznio identifikavimas);
SD — Sustainable development (liet. darnus vystymasis);
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TOC — Theory of constraints (liet. apribojimy teorija);

TOPSIS — Technique for Order of Preference by Similarity to Ideal Solution
(liet. pirmenybés tvarkos pagal panasumq j idealyjj sprendimg metodas);
TT — Technology transfer (liet. technologijy perdavimas).
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Introduction

Problem formulation

The global economy faces the need to transition towards sustainability. Resource
scarcity and the necessity to ensure the resilience of countries and regions in the
context of climate change are shaping the way organisations are operating. One
of the transitions, particularly for business enterprises, requires changes in the
management of organisation functions and the way they work with their suppliers
and other stakeholders. A method is required to ensure that various organisations
establish relevant procedures and processes within the ecosystem of the CE.

Organisations are willing to explore opportunities available in the CE to im-
prove their business competitiveness, find new markets, new business models, etc.
However, their capabilities are usually limited by their resources to implement
and improve circular processes. It leads to a focus on narrowing down strategies,
such as designing out toxic materials, reducing material consumption, etc.

For closing the loop or slowing down strategies, one action within the chain
without cooperation with the rest of the players in the ecosystem can lead to lim-
ited CE applications. The organisations require cooperation in developing circular
processes with their networks to improve the reuse, recycling and repair of mate-
rials, components and products. The mainstream approach is for product manu-
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facturers to lead the initiative of developing circular processes. The approach re-
sults in focusing on circularity improvement for the product manufacturer, which
is not necessarily improving circularity in the rest of the supply chain. Thus, the
need arises for a tool for organisations to work within their supply chain to im-
prove circularity step-by-step together with the rest of the ecosystem.

Relevance of the dissertation

In the solar PV industry, where most of the components are produced outside
Europe, the need for circularity is crucial. Challenges arise in how to manage
the supply chain organisations systematically to improve circularity in the
whole supply chain. The dissertation provides a circular supply chain theoret-
ical framework model to improve supply chain circularity. The dissertation
also provides a tool for identifying and assessing supply chain circularity con-
straints.

The EU’s PV supply chain has increased in circularity relevance due to the
European Commission’s proposed regulatory mechanism to support Net-Zero
technologies, including PV. The EU’s PV industry manufacturing presence is ex-
pected to increase from a mere 6 GW of PV module production to 30 GW by
2030, from silicon production to the final product of the PV module. The growth
of the industry is supported by incentives within the Net-Zero Industry Act. Those
incentives are also related to a circular economy, for example reducing CO; emis-
sions. The assessment of circularity challenges allows the EU’s PV supply chain
to scale up its presence within the EU by considering the CE constraints faced by
the supply chain.

Research object
The research object is the assessment of circularity constraints in the European
Union’s photovoltaics supply chain.

Aim of the dissertation

The dissertation aims to develop a theoretical framework model of supply chain
circularity assessment, whose purpose is to improve circularity in a chosen supply
chain.
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Tasks of the dissertation

The following activities had to be completed to achieve the dissertation’s goal:

1. To analyse the literature on circular economy principles in the supply

chain.

2. To analyse theories and concepts that contribute to the assessment of cir-
cularity constraints within a supply chain.
To develop an indicator system to measure supply chain circularity.
To propose a theoretical framework model for a circular supply chain.
To propose and apply a tool to assess circularity constraints, and identify
solutions to the constraints in the European Union’s photovoltaics supply
chain.

ok w

Research methodology

Several methods were applied to achieve the dissertation goal and objectives.
A literature review was used to analyse circular economy principles in relation
to the supply chain. A literature synthesis was used to propose indicators and
a theoretical framework model of a circular supply chain. Semi-structured in-
terviews were employed to gather organisations’ inputs on current circularity
issues. The interviewees’ transcript coding was used to determine categories
of circularity constraints. The Delphi method was used to provide weights for
the indicators. Structured interviews were used to determine how interview-
ees’ perceptions of circularity constraints impact indicators. Finally, the TOP-
SIS method was used to prioritise circularity constraints based on their impact
on circularity.

Scientific novelty of the dissertation

With the dominant research approach of focusing only on one or a few organisa-
tions, the proposed way looks at management practices at the supply chain level.
The dissertation proposes a circular supply chain theoretical framework model in
which all of the CSC organisations participate to improve the circularity con-
stantly. The model novelty is reflected by considering CSC as a never-ending pro-
cess to identify the constraints that limit the growth of circularity.

The dissertation proposes an indicator system to measure circularity within a
supply chain. A proposed tool that uses indicators and collects CE constraints
from the supply chain organisations results in identifying the most relevant CE
constraint. The indicator system is novel as it includes two new indicators in the
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research field to (1) measure whether the circularity constraints have impacts on
the organisation’s performance and (2) if there is an interest for the organisation
to collaborate in solving the constraint. In combination with the TOPSIS method,
a decision can be made on which constraint is the most relevant to solve for cir-
cularity purposes. The proposed tool contributes to the management field by sys-
temising supply chain-level information to generate a list of circularity constraints
and assessing their impact on the supply chain.

The dissertation contributes to the management field by expanding the the-
ory of constraint application beyond the production environment to look for
constraints that limit circularity in a given industry supply chain. Each stake-
holder group is presented within the supply chain stages, from material produc-
ers to recyclers. The dissertation results demonstrate that for a successful im-
provement of a circular economy system within supply chains, the
collaboration of stakeholders in determining constraints and their impact is es-
sential. The dissertation results also demonstrate that CSC organisations, from
a resource-based view and resource-dependency theory, in combination with
knowledge management theory, are limited with resources, information and ca-
pabilities to improve circularity even at the organisational level, as they are
dependent on other organisations.

Practical value of the research findings

The findings of the dissertation demonstrate a list of circularity constraints within
the EU’s PV supply chain. The provided tool facilitates government officials' &
organisation managers’ capabilities to identify circularity constraints.

The dissertation findings were used to develop a project concept RETRIEVE
for Horizon Europe, which received funding from the European Union’s Horizon
Europe Research and Innovation program under grant agreement No 101122332
(Reintegration of photovoltaic panel waste back into manufacturing as high-value
products, n.d.).

The dissertation results were also used to provide feedback for the National
Audit Office of Lithuania to develop an assessment topic, “Readiness to utilise
waste from solar and wind power plants and energy storage installations™ (liet.
Pasirengimas saulés ir véjo jegainiy, energijos kaupimo jrenginiy atlieky uti-
lizavimui).

Defended statements

The following statements are defended in this dissertation:
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1. A system of circular economy indicators is proposed to measure the im-
pacts of supply chain constraints on circularity.

2. A theoretical framework model is proposed to assess the performance of
supply chain circularity.

3. Atool is recommended to assess circularity constraints and identify solu-
tions for the constraints.

Approval of the research findings

Five scientific articles have been published on the topic of the dissertation. Two
publications were published in a scientific journal included in the Web of Science
Science Citation Index Expanded, two articles were published in other interna-
tional peer-reviewed journals, and one article was published in peer-reviewed in-
ternational conference materials.

The author has made four presentations at national and international scien-

tific conferences:

— International Scientific Conference Contemporary Issues on Business,
Management and Economics Engineering, 13-14 May 2021, Vilnius,
Lithuania.

— International Scientific Conference Business and Management 2023, 11—
12 May 2023, Vilnius, Lithuania.

— International Scientific Conference 40" European Photovoltaic Solar En-
ergy Conference and Exhibition, 18-22 September 2023, Lisbon, Portu-
gal.

— International Scientific Conference 41% European Photovoltaic Solar En-
ergy Conference and Exhibition, 23-27 September 2024, Vienna, Aus-
tria.

A research internship was completed during the doctoral studies:

— Bern University of Applied Sciences, Biel, Switzerland, in 2023.

Structure of the dissertation

The dissertation is structured in the following sections: introduction, three main
chapters (Annex A), general conclusions, references, a list of the author’s publi-
cations on the topic of the dissertation, and annexes. The total scope of the disser-
tation is 160 pages, excluding appendices, with 187 references.






Theoretical approach to the circular
supply chain: theories and concepts

The chapter focuses on reviewing research works on what circular economy is,
defining the role of the supply chain in the transition to a CE, reviewing CE strat-
egies, reviewing theories and concepts affecting the circular supply chain, review-
ing factors and indicators affecting CSC, and, lastly, proposing a CSC model. The
main research findings of this Chapter are published in the author’s two publica-
tions (Radavicius & Tvaronaviéiené, 2021; Radaviéius & Tvaronavi¢iené, 2022).

1.1. Circular economy overview

Circular economy, a model of production and consumption, surfaced from eco-
logical and environmental economics and industrial ecology (Ghisellini et al.,
2016). Academia and practitioners turned to CE when high production and con-
sumption rates challenged resource scarcity and its impact on climate change.
Limited global resources turned recycling, reusing, and using renewable materials
and other CE strategies into a mandatory objective for organisations. The align-
ment with the CE principles requires organisations to adopt circular business
model components, such as reverse logistics, and the need to address CE strategies
(Geissdoerfer et al., 2020). It enables companies to think of new ideas, products,

7
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services, processes, etc., within the context of CE and how to deliver benefits to
customers and end-users through a circular supply chain. The circular supply
chain objective is to extend a linear supply chain model from production to con-
sumer to ensure the recirculation of materials, components and products. There is
a strong requirement for collaboration from organisations networks (supply
chains, clusters, innovation networks, local networks, etc.) to develop circular pro-
cesses that can support and implement CE strategies. The circular process refers
to a series of actions to improve circularity through, for example, increasing prod-
uct recyclability.

The CE aims to decouple value creation from waste and resources by trans-
forming production and consumption systems (Camacho-Otero et al., 2018). Pro-
duction and consumption systems can be categorised into technical and biological
cycles (Gnekpe & Plantec, 2023). Technical cycles cover materials that do not fit
into the environment as they are, such as metals, polymers, etc. Biological cycles
include elements that can re-enter the environment, such as plants, food, clothes,
etc. Furthermore, it can be divided into products or service-based systems. The
product system includes the manufacturing and distribution of goods, whereas
services correspond to a value for the end-user. The system sizes for analysing
circularity can be micro (products and companies), meso (industrial parks and
value chains), and macro (cities and regions) (Arranz & Arroyabe, 2023). At the
end of all these cases, the need for transformation comes from the physical limi-
tations that a linear system has. Transformation requires companies to engage in
sustainable practices, rethink business models, and propose new value for their
clients (Suchek et al., 2021). By expanding and reshaping the system, organisa-
tions can expand their capabilities to transition towards CE.

CE shares a goal similar to that of the low-carbon economy, which is to re-
duce the consumption of fossil fuels. Researchers suggest that a mutual connec-
tion exists between the two (Xie et al., 2023). In both cases, there is a need to
tailor applications of sustainability practices to the conditions where they are ap-
plied, to consider resource availability, industrial structures, etc. Components and
product innovations are required to achieve circular economy goals, such as in-
creasing recycling and prolonging the lifetime of the materials. Organisations can
address these innovations by, for example, setting goals related to CE (Ul-Durar
etal., n.d.). It must include knowledge related to circular economy acquisition,
stakeholder incorporation and entrepreneurial orientation. Resources and
knowledge must be managed by each organisation to develop CE innovations that
improve circularity at their organisation and in the rest of the value chain.

Enforcing CE requires policy changes to address barriers which slow down
the economy’s transition to CE. Barriers include a lack of databases for storing
data on materials, components, and products, insufficient regulatory pressure for
design for disassembly, inadequate sorting processes, etc., (Oluleye et al., 2023).
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Specific and generic policy measures are required, whereas specific can be for
sectors and generic — for regions or countries. The generic policy can include a
carbon tax that ensures that products with a CO, footprint are paid through taxes
(Govindan et al., 2023). Additionally, a generic policy approach can promote a
shared economy or leasing, which reduces environmental impact compared to
buying and owning a product (Ahmed et al., 2023). Other generic policy enforce-
ments can include reporting on specific indicators, such as a global reporting ini-
tiative that based its indicators on 1ISO 26000:2010 (Niyommaneerat et al., 2023).
The aim is for the carbon tax to be specific for each sector, similar to how global
and other reporting initiatives began to have specific requirements on sectors or
industries. Each sector has its specific value chain processes, materials usage, end-
of-life management procedures, etc., (D’ Adamo et al., 2023). Thus, without going
into industry specifics, one cannot maximise circular economy benefits in terms
of prolonging product lifetime, decreasing emissions, etc.

To investigate CE in systems, such as country, region, organisation, value or
supply chains, etc., identification of its specific barriers, enablers, challenges and
drivers is required (Ho et al., 2023). Context needs to be taken for each investi-
gated system to improve specific CE indicators. These indicators can also be spe-
cific to the investigated system (Faut et al., 2023; James et al., 2023). Usually, it
is much easier for organisations to improve efficiency, such as reducing Scope 1
emissions, reducing materials consumption, etc., compared to prolonging the life-
time of materials, components and products or recyclability indicators (Stucki
et al., 2023). Circularity strategies that include recycling, reuse, etc., require mul-
tiple organisations to collaborate. In these cases, a larger system approach needs
to be taken. Within this dissertation, the circular economy component, “circular
supply chain”, is the larger system that will be investigated.

1.2. Analysis of circular supply chain

The supply chain is a sequence of processes that leads to the production and dis-
tribution of a commaodity. Supply chain processes are performed by multiple or-
ganisations to provide the final product to the end user. A supply chain within the
CE ecosystem is the core part responsible for the current flow of materials, and it
can act as an enabler to move towards the recirculation of materials. To be an
enabler and have the capabilities to ensure CE strategies, a supply chain needs to
extend its list of processes to be a “circular supply chain”. The CSC needs to be
formed based on the following propositions (De Angelis et al., 2018):
1. Supply chain relationships will change in CSCs, shifting from product
ownership towards greater emphasis on leasing and service-based strate-
gies enabled by digital systems.
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2. CSC’s requirement for structural flexibility and reduced geographic bar-
riers for SMEs and innovators within regional or local loops plays an im-
portant role in their implementation.

3. CSCs must consider both closed and open material loops in technical and
biological cycles.

4. CSCsare enabled by close supply chain collaboration with partners within
and beyond their immediate industrial boundaries, including suppliers,
product designers and regulators.

5. Procurement policies in both the private and public sectors are important
for the transition to CSCs if the entities go beyond minimum legal require-
ments to include CE principles.

Said propositions are required to change the mindset from common supply
chains towards CE-incorporated processes to convert the supply chain into CSC.
De Angelis et al. (2018) suggest that there is a gap between the literature on CE
and sustainable supply chain management (SSCM) towards practical implemen-
tation in organisations and their supply chains. Sustainable supply chain manage-
ment covers additional topics beyond CE, such as social aspects. Other research-
ers, e.g., Batista et al. (2018), suggest the following propositions for defining a
circular supply chain:

1. CSCs represent an expansion of the closed-loop narrative of sustainable
supply chains in terms of the scope and focus of the value chain systems
they consider.

2. CSCs extend the boundaries of closed-loop supply chains by considering
post-production stewardship to include forward-feeding flows into alter-
native supply chains.

3. CSCs support sustainable value chain systems derived not only from
products and their EoL returns but also from associated byproduct syner-
gies, services, and waste flow.

Batista et al. (2018) reviewed the literature on different CSC definitions, such
as closed-loop supply chain, sustainable supply chain management, and green
supply chains, and suggested the following description of the circular supply
chain:

“The coordinated forward and reverse supply chain via purposeful business eco-
system integration for value creation from products/services, by products and
useful waste flows through prolonged life cycles that improve the economic, so-
cial and environmental sustainability of organisations” (Batista et al., 2018).

A CSC involves the reduction of raw materials by providing substitutes that
are long-lasting, upgradable, made with renewable energy sources (RES), recy-
clable, and upcycle (Maranesi & De Giovanni, 2020). Upcycle of materials means
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that the materials should not lose their quality after the recycling processes and,
in the best-case scenario, have higher quality than before. Maranesi and De Gio-
vanni (2020) are not against low-value recycling. Kopnina (2018) argues that
downcycle should be avoided based on the cradle-to-cradle approach. The authors’
view on the CSC is heavily impacted by the theories related to the CE supply
chain. Ogunmakinde etal. (2021) identified the main theories, concepts, and
methods that affect the circular supply chain: industrial ecology, cradle-to-cradle,
regenerative design, natural capitalism, biomimicry, blue economy, eco-effi-
ciency, eco-effectiveness, reverse logistics, zero emissions, performance econ-
omy, permaculture, extended producer responsibility, and material passport. The
core connection is that all the topics are related to environmental protection. The
core of the CSC is a closed-system supply chain where materials are constantly
returned to the industry supply (Cannella et al., 2021). At the same time, CSC is
part of the value-added chains approach where the objective is to improve produc-
tivity, access to markets, strengthen value chain relationships, increase access to
inputs and improve the policy environment (Mossie Birhanu, 2023). The scope of
CSC is aimed in the context of a circular economy, which makes CSC more fo-
cused on CE objectives.

It is a difficult goal to achieve in the current world where dominant end-of-
life (EoL) treatment of materials, components, and products (MCPs) leads to the
loss of materials and their quality (Singh et al., 2019). The transition from a busi-
ness-as-usual (BAU) supply chain towards a circular supply chain requires a shift
of organisation strategies, structures, MCPs flows, and collaboration practices be-
tween the supply chain actors (De Angelis et al., 2018). These processes are com-
plex and require close cooperation of circular supply chain actors to introduce
circular processes.

Various authors attempted to identify barriers, drivers, practices, and chal-
lenges of the circular supply chain (Acerbi & Taisch, 2020; Bressanelli et al.,
2019; Govindan & Hasanagic, 2018; lacovidou et al., 2020; Khan & Haleem,
2021; P. Kumar et al., 2021). Table 1.1 shows a summary of the CSC’s key focus
areas through challenges, drivers, and barriers.

Information sharing difficulty can be solved by technologies such as radio-
frequency identification (RFID), 3D scanning lasers, optical character recogni-
tion, building information modelling, sensor networks, blockchain, etc. (lacovi-
dou et al., 2020). Data management enabled by digital technologies allows for
optimising CSC solutions and processes (Del Giudice et al., 2020).

The careless behaviour of users can be resolved by enabling product-service
systems where ownership of the product is kept by the company (Geissdoerfer
et al., 2020). A higher stock of secondary materials can reduce the unpredictability
of the market (Eurostat, 2017). With lower uncertainty of secondary materials
price, the demand for these materials would possibly increase. Therefore, it would
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create demand for new scalable high-value MCP recycling processes as the cur-
rent market demands different quality of materials (lacovidou et al., 2020).

Table 1.1. CSC challenges, barriers, and drivers (source: adapted from Acerbi &
Taisch, 2020; Bressanelli et al., 2019; Govindan & Hasanagic, 2018; lacovidou et al.,
2020; Khan & Haleem, 2021; P. Kumar et al., 2021)

Challenges

Barriers

Drivers

Information sharing be-
tween the supply chain
actors

Low incentive, mini-
mum awareness of in-
dustry 4.0, and the lack
of understanding of the
importance of sharing
the MCPs-related infor-
mation which is re-
quired to achieve CSC
processes

Boost in operation efficiency
of organisations and allow
new business processes for re-
pairing, high-value recycling,
etc.

Careless behaviour in
product usage

Lack of public aware-
ness

Rise of green product aware-
ness and growth of service-
based product models

Entry barriers and low
market incentives for re-
paired, refurbished, sec-
ond-hand products, etc.

Lack of market regula-
tions and incentives for
circular products

Reduced environmental im-
pact by effectively the pro-
longing life of MCPs

Underdeveloped technol-
ogies for end-of-life
MCP treatment

High financial invest-
ments are required for
R&D and the lack of co-
operation between sup-
ply chain actors to de-
velop new processes

Increase the value of the prod-
uct and new business activities
for region-local organisations

Scaling up EoL pro-
cesses

Lack of standards, regu-
lations, and policy sup-
ports aimed at high-
value recycling and
other circular EoL pro-
cesses

Reducing environmental im-
pact and boosting national and
regional secondary material
stocks

Designing MCPs in a
circular way

Lack of cooperation be-
tween supply chain ac-
tors

MCPs with a longer lifetime
are less toxic and more repair-
able, recyclable, etc.

Logistics to support CSC

Additional costs for re-
verse logistics introduc-
tion

New revenue streams for the
organisations to repair, refur-
bish, reuse, etc., MCPs.
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The design of MCPs and business-as-usual logistics adaption for CSC re-
quires cooperation between the supply chain organisations. Even if the processes
are created to ensure circularity and therefore introduce repairable, reusable, etc.
products, it is still a challenge for organisations to develop successful business
models for these products. Khan and Haleem (2021) demonstrated that organisa-
tions have a wide range of practices toward solving one or another challenge re-
lated to CSC, such as developing a circular culture in the organisation, environ-
mental criteria for supplier selection, etc. The organisations can decide on which
circular actions to focus on.

For organisations to prioritise focus on specific areas of CSC, researchers
proposed different ways to rank or categorise CSC processes related to MCPs.
Cole et al. (2019) attempted to define and rank layers of designing levels and hi-
erarchy:

1. Reduce and conserve materials, design out waste, reduce consumption,

and longer-lasting products (highest ranking);

2. Encourage cyclical use of resources and develop incentives to reduce

waste;
3. Design products for sustainability and take-back;
4. Reuse;
5. Recycle;
6. Regulate disposal (the lowest ranking to aim for).

The main focus is the designing phases of MCPs, which, if done effectively,
can significantly reduce difficulties related to reuse, recycling, and disposal.
Varbanov et al. (2021) proposed four main processes for handling EoL MCPs:

1. Waste separation;

2. Material recovery and recycling;

3. Waste-to-Energy;

4. Landfilling.

The enabling condition for these four processes to flourish (except the
landfilling) is reverse logistics, as suggested by Varbanov et al. (2021). Reverse
logistics are related to the transportation of MCPs between various supply chain
actors, such as manufacturers, repairers, users, etc. A new classification of
waste is required to adopt CE principles for organisations and countries to ac-
count for reused products, higher recycling rates, quality standards for second-
ary raw materials, etc., (Nikanorova & Stankevi¢iené, 2020). The need to im-
prove logistics for CSC reverse logistics in terms of tracking, information
accessibility, and management of data is evident due to the various conditions
of products and their geographical distribution (De Angelis et al., 2018). Re-
verse logistics category processes involve repair, refurbishment, disassembly,
servicing, remanufacturing, recycling, and disposal (Kruczek & Zawartka,
2019). In addition to CSC processes of collection, maintenance, and reuse, CSC
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enables new business models, such as sharing platforms and products as service
models (Kruczek & Zawartka, 2019).

Researchers had different approaches in conceptualising the systems
and/or their processes of the CSC. lacovidou et al. (2020) proposed that CSC
is a combination of multiple systems: internal sub-system (processes, actions
and values) and external systems (technologies, governance, natural resources,
etc.) forming a system of systems. lacovidou et al. (2020) theoretical system
allows the identification and understanding of required changes towards sus-
tainable transition. It is a well-elaborated and defined system that considers
cultural and user behaviour influence, policies, values (economic, environmen-
tal, etc), business and market activities, technology, innovations, etc. Awan
et al. (2021) investigated stakeholder (international organisations, institutions,
and suppliers) views related to the interest of concerns, expectations, and strat-
egies towards CSC. The findings show a high interconnection between the or-
ganisations towards the success of any supply chain actor strategy or objectives
fulfilment. It demonstrates the crucial requirements of cooperation between the
CSC actors for achieving goals that have a positive impact on multiple supply
chain organisations and users.

In their CSC framework, Geissdoerfer et al. (2018) incorporate circular busi-
ness models derived from the organisational level. Geissdoerfer et al. (2020) also
showcase that the CSC is the interconnection field between sustainable develop-
ment and CE. Vegter et al. (2020) demonstrated the CSC and circular business
model (CBM) from a processes perspective by proposing two levels of processes.
Vegter et al. (2020) suggested first-level processes: compose a plan, source, make,
deliver, use, return, recover, and enable. The second level consists of more con-
crete processes, such as planning the supply chain, delivering stocked products,
returning defective products, etc. The proposed CSC and CBM system demon-
strates the high level of responsibility of organisations in organising and main-
taining the mentioned processes.

The CE practical framework standard (BS 8001:2017) for organisations
was created in 2017 by a British standards institution (Pauliuk, 2018). Its pur-
pose is to allow any organisation (irrespective of the sector, size, or type) to
take responsibility for implementing circular organisation processes. The
standard has concrete suggestions for organisations supported by a comprehen-
sive approach but lacks monitoring and measurement of the CSC solutions and
development of business models (Pauliuk, 2018). Pauliuk proposed a list of
indicators to measure processes circularity related to measuring recyclability,
restored materials, quality of materials, etc. Nikanorova and Stankevi¢iené
(2020) proposed a different approach towards the indicator system of circular-
ity consisting of the following groups: waste management, air pollution, and
CO; emissions, energy, economic opportunities and policy responses, material
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management, and economic context. The indicators are circular material use
rate, trade-in recyclable raw materials, the recycling rate of municipal waste,
etc. These indicators are more focused on evaluating the circularity at the coun-
try level, but due to their formulation derived from 10R (refuse, rethink, reduce,
etc.), they could be adapted at the organisation’s level as well. To understand
CSC better, further research investigations are suggested to explore topics such
as design for circularity, procurement and CSC, CSC collaboration and coordi-
nation, circular consumption, product liabilities and producer’s responsibility,
and CSC enabling technologies (Farooque et al., 2019).

Researchers attempted to apply CSC theories and methods to different
industries. Table 1.2 shows four different cases in industries where researchers
attempted to improve the circularity of the industry supply chain. Optimisation
is an important factor that can allow economically attractive CSC processes.
The case study of the truck manufacturer demonstrated that economic benefits
can be achieved by implementing an EoL circular process related to compo-
nents and product repair. Other researchers used mathematical models and sce-
nario modelling to show the theoretical impact of different CSC solutions.
Each of the attempts by researchers to improve circularity was limited to only
specific circularity processes or only at 1-2 organisations within the supply
chain.

Table 1.2. Research related to improving CSC processes (source: made by the author)

Industry |Research CSC method Results Research-
object applied ers
Paper Case study | Digitalisation solu- | Unlocked critical decision- | (Ma-
of the paper |tion to gather infor- | making which allowed for |navalan &
manufactur- | mation improved operational effi- |Jaya-
ing company ciency krishna,
2019)
Forest Forest value | Circular biopro- Inputs received by various | (Ou-
chain cesses and their forest value chain organi- |himmou
output products sations showcased through |et al.,
commercialisation |a mathematical model that | 2021)
demonstration for circular processes and
through a mathe- | their products, economic
matical model feasibility and scalability
of the processes are crucial
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End of Table 1.2

Industry | Research CSC method Results Research-
object applied ers
Con- Construc- Networking theo- | The most optimal sce- | (Ahmed &
struction | tion waste | retical architec- nario showcases a 24% | Zhang,
processing | ture of reverse lo- | reduction in the cost of | 2021)
organisa- gistics was handling construction
tions created to formu- | waste, which includes a
late scenarios higher percentage of
based on the in- waste being recycled
tensity of materi- | compared to the base
als recovery case
through a mathe-
matical model
Automo- | Truck man- | Process optimisa- | Results based on mod- | (Makarova
bile ufacturer tion for spare- elled scenarios show etal.,
parts delivery economic benefits fora | 2021)
company to operate
services for repairing
trucks by providing
spare parts

The literature review on CSC demonstrates various practices, methods, and
approaches to how organisations are capable of taking responsibility for supply
chain improvement towards circularity. Theoretical approaches allow organisa-
tions to have a systematic understanding of the interconnection of each actor in
the supply chain to overcome challenges for CSC development. Nevertheless,
each of the CSCs has its context, which has to be considered. The context includes
constraints that limit circularity improvement, with each of the constraints having
a different impact. Thus, an approach is missing to identify and evaluate those
constraints by involving all CSC actors.

1.3. Review of circular strategies and circular
economy implementation approaches

The circular strategy aims to improve organisations’ systems so that they become
more circular. Circularity strategies can be categorised through the 10R frame-
work, consisting of Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanu-
facture, Repurpose, Recycle and Recover (Kirchherr et al., 2017). Strategies based
on the R principle can vary from a few main ones, such as to Recycle, Reuse,
Reduce, or to additional “Rs”. From the management perspective, a categorisation
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of circular strategies allows for identifying participating entities and their roles,
allowing the exploration of ways how to manage CE processes.

Refuse, Rethink and Reduce imply the focus on the upstream supply chain.
Materials, components, and product producers work primarily alone or in cooper-
ation to achieve these strategies. Reuse, Repair, Refurbish, Remanufacture, and
Repurpose include the downstream circular supply chain. The input from the cus-
tomers or distributors regarding the management of components or products is
important for these CE strategies’ implementation. The upstream CSC needs to
participate by either modifying the product or sharing the knowledge on how to
manage the components and products. Recycling and recovery processes are at
the end of supply chain activities, where MCPs are processed to recover materials
and components. The participation of the upstream and downstream CSC actors,
or their non-participation, influences the quality of recycling and recovery. These
and other various characteristics of circular strategies imply a high level of com-
plexity. To achieve CE objectives, such as ensuring high-value recycling, cooper-
ation needs to be ensured within the CSC.

Frameworks are being developed by researchers considering different CSC
actors, their characteristics, and CE strategy opportunities. The framework sug-
gested by Blomsma et al. (2019) proposes a taxonomy of circular strategies for
companies engaged in manufacturing business. The proposed framework allows
the creation of a comprehensive understanding of circular strategies and mapping
strategies and helps find ways to improve circularity in business. Jorgensen and
Remmen (2018) proposed a methodology for analysing CE options for business
through redesigning of products, services, infrastructure, supply chain relations,
internal business organisations, technologies, etc. They suggest that business is
consciously or unconsciously part of five types of networks: value chain, product
chain, innovation network, regulatory network, and local network. By analysing
the company and its contribution to the network, the framework allows, for exam-
ple, mapping the baseline through the life cycle, redesigning products and ser-
vices, etc. The methodology allows the analysis of a single company and provides
suggestions for CE improvement.

Parida et al. (2019) propose a two-stage transformation model for large man-
ufacturing companies. The first stage is for the manufacturer (the orchestral of the
ecosystem) to conduct an ecosystem readiness assessment (external environment,
business model, ecosystem partners). At the end of the first stage of the process,
a circularity gap is identified. The second stage includes standardisation, negotia-
tion, and nurturing mechanisms leading to harmonisation of the ecosystem to
achieve financial, environmental, and social benefits.

The first approach (Fig. 1.1) is from the standpoint of a manufacturing com-
pany for developing circular strategies. The second approach allows the analysis
of a single company’s circularity potential while considering the networks in
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which it is involved. The third approach places the manufacturer in the centre of
the ecosystem, which is the entity responsible for synchronising the ecosystem of
its networks to achieve higher circularity potential. All of the approaches focus on
starting the analysis from a particular company and following up with an analysis
of their networks to analyse and propose strategies to improve circularity.

1St
approach
3rd g 1t & 2nd Final product Usage EoL manage-  Recycling
tier suppliers tier suppliers manufacturer ment
1IIIIIIIIIIIIIIII1IIIIIII lllllllilllllll‘
2nd
approach
39 4t 1% g o™ Final product Usage EoL manage-  Recycling
tier suppliers tier suppliers manufacturer ment
3rd
approach
3rd s 1% g o™ Final product Usage EoL manage-  Recycling
it manufacturer ment

tier suppliers tier suppliers

Fig. 1.1. Circularity implementation approaches (source: composed by the author based
on Blomsma et al. (2019), Joergensen and Remmen (2018) and Parida et al. (2019))

The above-mentioned approaches demonstrate how different stakeholders
work together during different circular supply chain stages. The work includes
agreeing on standards (e.g., calculating emissions or providing documentation on
recyclability) or changing materials and component specifications to improve cir-
cularity. These approaches place trust in the manufacturer (in most cases) and its
interest in developing circularity within its industry-leading role. The possibilities
of neglecting the perspectives of other companies in its network (such as recy-
clers), avoiding long-term CE solutions and focusing only on those solutions that
have direct benefits to the manufacturer are present. Looking from the perspective
of the network and in the long run, instead of the short-medium term, there is a
higher amount of opportunities to be found to improve circularity.

The first approach focuses on one organisation’s scope, deciding what cir-
cular strategies to focus on, where to invest money, R&D activities, and so on.
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Only singular organisation processes are investigated for improvement/creation to
support CE strategies. The value that could be captured through a specific CE
strategy is chosen and based on the benefits of only one organisation. Knowledge
from one organisation only is used to improve CE.

The second approach focuses on one organisation’s CE implementation
while also considering the networks to which it is connected, such as suppliers
and customers. The knowledge is collected and used by the organisation to adapt
or implement CE processes. The company can thus select a CE strategy and pro-
cesses to be implemented while utilising other organisations’ knowledge and po-
tentially cooperating with them to achieve a particular CE strategy. The second
approach is more collaborative and considers networks and knowledge to facili-
tate CE implementation strategies to achieve benefits.

In the third approach, one organisation takes the lead for the CE transfor-
mation of its CSC. The “orchestrator” organisation sets a common strategy and
goals for the rest of the ecosystem. The “orchestrator” bears a responsibility to
ensure communication among the ecosystem members, nurture the ecosystem
(early investments, setting rules, knowledge-sharing practices, etc.), and negoti-
ate. The negotiation part comes in aligning the activities of the ecosystem (usually
the supply chain) to achieve a common goal. Such an approach allows the “or-
chestra” to influence the ecosystem and achieve a CE-related strategy, which has
high value for the “orchestrator”.

Each approach has its drawbacks. The analysis of one single company limits
capabilities to understand potential changes and impacts of circularity for other
relevant stakeholders in the CSC or other networks. Analysis of the CSC through
specific circular strategy implementation limits the circularity potential as other
potential CE solutions are not being included or evaluated. Both approaches have
limitations in including multiple available strategies in terms of circularity and
different impacts of potential changes across the industry supply chain. Whole
CSC optimisation for CE strategies through marketing, infrastructure develop-
ment, sales, inbound logistics, etc., of each organisation in the supply chain can
allow overcoming barriers particular to CE strategy limitations when focused only
on one or several organisations (Awan et al., 2021).

The literature gap within CE applications for organisations is that the ap-
proaches of the scientific community and practitioners usually limit the investiga-
tion of circularity potential on a large scale. To understand and apply the most
suited CE solutions, specific industry CSC companies’ circularity status and the
potential need to be reviewed through multiple CE lenses. The frameworks and
models for analysing companies and their networks rely on placing members of
the ecosystem (mainly product manufacturers) who have a high level of influence
on its networks. These approaches are placing trust in the manufacturer and its
interests in developing circularity within its industry, leading to possibilities of



20 1. THEORETICAL APPROACH TO THE CIRCULAR SUPPLY CHAIN: THEORIES...

neglecting the perspectives of other companies in its network (such as recyclers),
avoiding long-term CE solutions, and focusing only on those solutions that have
direct benefits to the manufacturer. The 4th approach for CE improvement in the
CSC is proposed based on the discussed first three approaches.

i 1t 1 1 1 1

4t ap-
proach

d th

3,4 ...
tier suppliers tier suppliers

1% g o™ Final product Usage EoL manage-  Recycling
manufacturer ment

Fig. 1.2. 4th approach for CE improvement in the circular supply chain
(source: made by the author)

Figure 1.2 shows that instead of one active organisation taking responsibility
for CE implementation within a specific CSC step, all of the organisations are
equally involved and active. The arrows indicate knowledge sharing, collabora-
tion, and a co-evolving process where the CSC generates new resources and syn-
ergies to enhance performance (Lu et al., 2022). Within the 4th approach, a high
level of cooperation degree is required. For a specific industry analysis for CE
implementation, all CSC segments must be involved in describing the issues
faced, the main constraints and how they can work together to implement solu-
tions. The 4th approach ensures the least possible bias for choosing one or another
CE solution as well as maximising the cumulative knowledge of all organisations
for CE implementation.

The fourth approach focuses on CE strategy selection and implementation
based on the needs of all CSCs instead of one company. Such an approach requires
organisations to share their knowledge and resources among themselves to rear-
range or develop internal processes at each organisational level. The rearrange-
ment is done with the mindset of sharing benefits and costs to improve the circu-
larity of the entire CSC. The rationale of the 4th approach is to avoid giving power
to a single organisation in decision-making by ensuring all of the supply chain
stages are represented equally.

The CSC approach for addressing circularity issues allows for an increase in
the scope outside of one singular organisation. One organisation can influence
other organisations towards circularity improvement. In the case when all of the
organisations in the CSC are at the same level in decision-making and sharing
their cumulative knowledge, the highest potential for circularity implementation
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can be reached. Such an approach is intensive in collaboration and knowledge
sharing to develop circularity at organisation levels and the CSC level.

1.4. Theories and concepts affecting circular supply
chain development

The following sub-chapters will cover theories and concepts that affect the con-
cept of a circular supply chain. The goal is to understand how theoretical implica-
tions can be used to assess circularity within the supply chain.

1.4.1. Analysis of the circular economy theories and concepts

The selection of analysed theories was based on whether they had been analysed
by other researchers in the field of circular economy within organisations or their
networks, e.g., supply chains. Table 1.3 lists the theories and concepts explaining
why they were analysed by different authors.

Table 1.3. Analysis of researchers’ attempts to employ theories in the context of the cir-

cular economy within organisations or their networks (source: made by the author)

Theory or Purpose Authors
concept
Sustainable de- | To assess China’s eco-industrial parks by generat- | Gao et al.,
velopment ing questions based on economic and environ- 2024
mental factors.
Circular econ- To use a circular economy, proposed strategies re- | Amir et al.,
omy lated to closing the loop for the creation of a cir- 2023
cular supply chain framework.
System theory To use system theory to conceptualise the Dutch Reike et al.,
circular textile transition. 2023
Networking the- | To analyse circularity resilience through simula- Massari &
ory tions based on organisations’ networks. Giannoccaro,
2024
Stakeholders To employ stakeholder theory to measure the im- | Gallardo-
theory pact of government pressure and economic incen- | Vazquez
tives on the organisation’s movement towards CE | et al., 2024
practices.
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End of Table 1.3

Theory or Purpose Authors
concept
Coordination To analyse circular supply chain performance by | Massari &
theory considering coordination actions through a verti- | Giannoccaro,
cal approach, where the manufacturer leads CSC | 2023
orchestration, and a horizontal approach, where
all CSC organisations participate in improving
CSC.
Resource-based | To use the resource-based view approach in iden- | Miinch et al.,
view tifying criteria for selecting suppliers that would 2022
improve the circularity performance of the organi-
sation.
Resource de- To analyse the risks of adopting circular economy | Dan et al.,
pendency theory | practices based on resource-dependency theory. 2023
Knowledge To analyse the sustainability aspects of eco-inno- | Ul-Durar
management vations and circular economy by utilising etal., 2023
knowledge management theory.
Technology To propose a model with 30 criteria for organisa- | Renetal.,
transfer tions adopting technology transfer to improve cir- | 2023
cular economy principles.
Institutional the- | To use institutional theory in proposing circular Hussain
ory economy practices for the organisations to choose | et al., 2023
from.
Theory of con- To propose a decision-making framework for sup- | Koh et al.,
straints ply chain resource sustainability. 2017

Researchers are utilising the above-mentioned theories to either analyse or

propose models and frameworks related to circular economy. Each of the theories
will be discussed further, and their relation to assessing circular supply chain per-
formance will be analysed.

Sustainable development (SD) theory aims to transform the world’s social
and economic systems to preserve natural resources. In past decades, tangible tar-
gets were developed to achieve this transformation. First were millennium devel-
opment goals (2000-2015) and recently — sustainable development goals (2015—
2030). These goals aim to improve environmental, social and economic dimen-
sions, such as reducing poverty, increasing renewable energy usage, etc. (Shi
et al., 2019). Some sustainable development goals overlap with the CE goals, such
as reducing emissions by moving away from fossil fuels (Dinci et al., 2022) or
reducing waste accumulation (Butt et al., 2023). At the same time, some CE goals,
such as refuse and rethink, are not covered by SDGs (de Oliveira & Oliveira,
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2023). However, the main focus of CE is the resources and their flow through
various systems, whether they are countries, regions, organisations, etc. Their
management is the priority for the circular economy. Within the system of a cir-
cular supply chain, a sustainable development approach would be to consider so-
cial and economic aspects besides environmental impact. Social and economic
aspects would result in ensuring there are business cases of circular processes or
that these processes would not diminish social aspects of the workforce, stake-
holders’ well-being, etc. In the end, CE is usually not a standalone goal but a
combination of objectives, such as increasing energy independence, mitigating
climate change, etc. The contribution of SD within CSC can be concluded as in-
tegrating social and economic factors in addition to CE objectives. The possible
inclusion of SD into the analysis of CSC would require going beyond circular
economy boundaries to explore the social and economic impacts of the circularity
constraints.

The circular economy is a part of sustainable development. It goes deeper
into analysing materials, components, and product flows to understand how they
can be managed better. The CE aims to switch from a linear economy that pos-
sesses a high accumulation of resource waste. The switch requires following CE
principles that are usually referred to as R frameworks, such as reuse, recycle,
repair, etc., (Velenturf & Purnell, 2021). These R frameworks need to be further
applied in specific systems (regions, organisations, etc.), and indicators need to be
identified to measure circularity (Agyekum et al., 2023). Organisations’ CE tran-
sition means deploying circular business models that incorporate CE principles,
such as reducing resource consumption and prolonging the lifetime of the products
(Dagiliené & Varaniiité, 2023). Additionally, changes need to be made by various
stakeholders besides organisations, such as government policies and consumption
behaviours (Khanna et al., 2022). Thus, CE theory aims to incorporate CE princi-
ples into the systems. The outcome should be improved circularity with the iden-
tified indicators measuring the transition from a linear to a CE.

Within CSC, the CE is a core principle. CE elements, such as reverse logis-
tics, recycling, etc., need to be present. These circular processes have to be incor-
porated into the CSC. Some of those processes are costly for one organisation,
whereas other organisations can receive value from them through repairable prod-
ucts or a longer lifetime of MCPs. Thus, the possible list of circularity processes
needs to be assessed. The assessment needs to consider whether the improved cir-
cularity at the organisation level will be continued across the supply chain. As
well as whether other supply chain actors are implementing the required changes
to ensure that, for example, a recyclable component would still be recyclable after
it is integrated into the final product. Furthermore, the recyclers should be ready
to identify particular components within a product that are recyclable.
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CE is a complex phenomenon. Systems thinking is required to understand
CE and apply it in the CSC. Systems theory focuses on analysing interconnected
processes to understand how the processes are influenced by each other. It origi-
nated in 1940 by Ludwig von Bertalanffy, who focused on living systems at that
time, whereas now system theory is widely used to analyse various systems (Mon-
tuori, 2011). The CE systems theory approach allows for the building of frame-
works and models that identify the interconnection between different parts that
contribute to CE (De Angelis, 2022). Systems theory is usually used together with
other theories, such as stakeholder theory, and if combined with CE, it is possible
to use systems theory for analysing identified stakeholders that are related to CE
(Demartini et al., 2023). As CE implementation requires the investigation of spe-
cifically chosen systems, it is unavoidable to incorporate systems theory elements,
as CE is a complex phenomenon involving various parts of the economy.

Multiple organisations are interconnected within the CSC. To ensure the cir-
cularity of materials, components, and products, it is unavoidable that the organi-
sations within CSC need to make changes in how they conduct their business.
Each of the system parts can influence the circularity, either by improving or
blocking it. Thus, systems thinking is essential in analysing interconnections and
how parts influence each other. The analysis should reveal the identified issues
blocking specific circularity processes, e.g., reusability. Then, the assessment
should reveal whether it is worth investing resources in solving specific issues.
The decision should be based on whether the issue-solving would have a large
impact on circularity performance within the supply chain.

Systems theory emphasises the existence of separate connected parts. In the
case of CSC, the organisations provide value and ensure proper resource recircu-
lation. Additionally, external actors impact the CSC system. Within the CSC, an
organisation can try not to share its knowledge or make its processes or value
delivery limited only to several other organisations in the supply chain, such as its
clients and suppliers. However, that is highly unlikely considering the globalisa-
tion and interconnection of the organisations. Network theory suggests that sys-
tems in which organisations participate can be (Dwivedi, 2009) within the value
chain, innovation network, regulatory network, local networks, supply chain, and
so on. In principle, the network theory analyses how, for example, people, organ-
isations, and groups are structured in terms of their relationships. In these net-
works, various stakeholders are connected in terms of information (exchange, re-
ceiving information, sending information, etc.), activities (innovations and
processes), collaboration (policies and standardisation), close business activities
(purchase of materials and components and customers), and so on. The value chain
in the circular economy’s context allows organisations to develop a new value for
customers through logistics and support activities like human resources or mar-
keting (Eisenreich et al., 2022). Whereas a circular supply chain is a narrower
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approach, focusing on the materials, components, and product flows through the
supply chain to optimise their management towards enhanced circularity. An in-
novation network involves other organisations’ knowledge, resources, etc., to de-
velop solutions beyond state-of-the-art. The regulatory network covers the system
where the organisation is usually dependent on it or can minimally influence how
regulatory bodies develop regulations or laws that impact the organisation’s ac-
tivities. Local networks are local suppliers or other organisations in the geograph-
ical nearby location that allow organisations to generate value. The supply chain
network is the backbone of an organisation’s capability to process inputs to create
outputs in terms of products or services. A combination of networks is involved
in establishing a CSC. Each organisation’s supply chain cooperation can improve
the competitiveness of the supply chain (Mukhtar & Azhar, 2020). To be compet-
itive in the circularity metrics, the supply chain needs to include other networks,
such as local, regulatory, and innovation. The defining process in which networks
participate and how they impact the circularity aspects requires the identification
of a particular supply chain and its scope. Knowing the networks and their impact
on the CSC, circular processes can be developed, optimised, and/or synchronised.

The role of networking theory within the CSC context is to identify the net-
works that the CSC is a part of and determine whether they have an impact on
circularity implementation. Other supply chains, for instance, can be a source of
secondary materials. Regulatory networks, entities, and organisations that deal
with regulations are impacting how organisations’ activities are carried out. Thus,
by identifying the networks, such as regulatory, organisations can attempt to pres-
sure the network to make adjustments to the regulatory environment. Singular or-
ganisations have a weaker voice rather than a consortium or a group of organisa-
tions. Thus, the regulatory network plays an important role in the development of
CSC and its circularity potential. Depending on the specifics of CSC, other net-
works, such as local supply chains, can have a high impact on reducing the costs
of circular processes or enabling higher circularity potential. The networks need
to be considered because a single CSC cannot be managed without considering
the impacts of other networks on the CSC.

Within the network of CSCs, it is important to identify all relevant actors
influencing or being influenced by CSCs. Stakeholder theory analyses relation-
ships between businesses, groups, and individuals that affect or are being affected
by organisations (Parmar et al., 2010). Organisation stakeholders can include cli-
ents, employees, owners, etc. External stakeholders affect the organisation indi-
rectly; it can be governments, communities, suppliers, etc. Organisation managers
ensure and strengthen the connection with stakeholders to keep them in the loop
regarding the organisation’s activities and ensure that proper value is delivered
and the interests of the stakeholders are considered. This theory aims to identify
and manage stakeholders that affect the organisation’s activities.
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In the scope of CE and CSC, the stakeholder theory provides insights into
how to manage multiple organisations. Each of the organisations in the system,
such as CE or circular supply chain, needs to be coordinated. It becomes a com-
plex process, considering each organisation’s power to influence, interest in influ-
encing, potential threat, or potential to cooperate (Bajaj et al., 2018). Stakeholders
are managed by organisations’ practices by identifying and managing stakeholder
needs, interactions, learning processes between the organisation and its stakehold-
ers, and training (Fobbe & Hilletofth, 2022). Such a process achieves CE-related
goals as organisations within the CE ecosystem cannot operate as separate ““is-
lands” (Barreiro-Gen & Lozano, 2020). Thus, the objective of the stakeholder the-
ory in the scope of CSC is the mapping and coordination of the stakeholders for
the defined goal. Specifically, supply chain organisations should be involved in
analysing the issues they face when attempting to achieve specific circular econ-
omy strategies.

While some key stakeholders might show high interest in a specific CE pro-
cess, they might not be willing to participate in the process implementation. Nev-
ertheless, several interested parties can contribute to demonstrating the necessity
of implementing the CE strategy and/or overcoming issues related to the CE strat-
egy. The stakeholder involvement improves the power of the CSC to motivate the
CSC actors for a cooperation-based approach towards implementing circularity.

Cooperation is necessary for successful CE implementation in CSC. There is
a need to have procedures for how two or more organisations can work together
towards a common goal. The coordination implies that multiple actors pursue
goals together because a sole actor cannot achieve them alone (Malone, 1988).
The theory of coordination is a body of principles on the coordination of actors’
activities. Within the CSC field, coordination is crucial for decision-making in
terms of CE-related activities (Agrawal et al., 2022). The principles in the CSC
can be related to information sharing, where one organisation’s knowledge might
be a must for another organisation to implement circular processes (van den Berg
et al., 2020). Within the business terms, the contracts of cooperation are usually
documented where two or more actors describe how they will work together.
When the contracts are made based on ad hoc, for circularity purposes, and both
parties agree on how they will work together, those contracts can contribute to the
development of a circular supply chain (Raimondo et al., 2021). Thus, a legal in-
dication of how the organisations will conduct their activities is a strong coordi-
nation implementation approach.

Organisations must be motivated to solve circularity issues for CE-related
cooperation goals to be successful. Three types of motivation can be distin-
guished: (1) intrinsic (fundamental) and integrated, (2) identified and introjected
(unconscious), and (3) external and non-motivated (Rovanto & Finne, 2023). Fun-
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damental and integrated motivation consists of contributing to solving an environ-
mental issue and provoking change towards CE, for example, to ensure the indus-
try is operating on a sustainable basis or creating alternative ways of doing busi-
ness. ldentified and unconscious motivation relates to the availability and low
price of second-hand materials and long-term economic well-being. For example,
controlling risk to ensure business continuity into the future or achieving compet-
itive advantage from CE. The last motivation, external and non-motivated, high-
lights a lack of interest towards CE. Some industries’ or businesses’ fundamental
principles oppose CE objectives, such as fossil-fuel-based products or industries.
The motivation for CSC to apply circularity processes can be to achieve compet-
itive advantage, ensure a sustainable future for the CSC, control risks, etc. In the
cases where CSC organisations could benefit from CE, they should be motivated
to improve CSC circularity.

The establishment of cooperation with concrete action points in legal terms
generates long-term potential and reduces risks of failure. A coordination theory
implies the need for agreement, preferably in legal terms, to ensure organisations
would stick to the CE implementation, which is usually a long-term process.
Long-term success in CE implementation can be achieved by aligning the moti-
vations of separate CSC organisations.

Two or more organisations coordinate to achieve their goals by utilising their
resources. The resource-based view analyses the organisation’s internal re-
sources and capabilities to deliver products and services to the customers better
than the competitors. The output of analysis can allow the organisation to discover
its competitive advantage. Resources can be human capital, physical or organisa-
tional (Madhani, n.d.). Competitive advantage is based on resources that are
scarce, valuable, and cannot be copied or replaced. The usage of the theory leads
to organisations creating products and services with reduced costs, developing
new business models, or differentiating in other ways in the market. It is essential
to determine limits to which standalone organisations can progress in the circular
economy. By understanding the limitations, the decision can be made on whether
to attempt to work with the rest of the supply chain to progress further in the im-
plementation of circular economy strategies. Otherwise, progress will be limited,
and specific strategies might be difficult to implement, e.g., ensuring effective
reverse logistic processes.

Resource-dependency theory focuses on analysing the impact of external
resources on the organisation (Bhyrovabhotla, 2012). Organisations need to iden-
tify which resources are critically important for them to implement specific strat-
egies. The more resources an organisation can access, the more competitive it will
be in the market. One way to gain resources in the field of knowledge is coopera-
tion with the supply chain. This type of knowledge formation can lead to
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knowledge spillover when unintended parties, such as other organisations, use
created processes or products.

Sirmon et al. (2011) suggest that the resource-based view approach “orches-
tration” allows managers to manage the firm’s resources to build up a competitive
advantage. Authors suggest that resource management is crucial at any stage of
the firm’s lifetime. Within the context of CE, where collaboration is required not
only at the firm’s level but also at the level of the whole supply chain, resource
management becomes more complex. Instead of different departments within the
firm, the orchestrator needs to synchronise and optimise resource usage at multi-
ple organisations to achieve CE implementation in CSC. This approach leads to
difficulty in managing those resources as they are located in different organisa-
tions within CSC.

To influence or manage its suppliers or other organisations within the supply
chain, an organisation needs to have criteria/indicators on which to base its deci-
sions. Within the CE, an important step for achieving circularity is having the right
suppliers who can provide additional value from a resource-based view. An or-
ganisation can enhance its capabilities for circularity if it has partners that can
provide materials or components meeting environmental standards and environ-
ment-related certifications, reducing resource consumption and reducing waste
generation (Miinch et al., 2022). Choosing the right partners or influencing the
current partners to adapt or implement higher circularity would allow an organi-
sation to improve its capabilities. On the other hand, if the organisation is not
taking action to influence its supply chain or select new partners, the organisation
is dependent on them and their capabilities for circularity in terms of circular strat-
egies, synchronisation opportunities to design circular products, etc.

Organisations can cooperate by utilising their internal resources. One of the
areas of resources is knowledge that the organisations possess. Knowledge man-
agement (KM) allows organisations to improve competitiveness by utilising the
knowledge to deliver new value propositions for customers, improve processes,
create new products, etc. The main two dimensions of knowledge management
activities are enablers and processes (Bessant & Francis, 2005). Enabling mecha-
nisms allow knowledge to be shared by individuals, teams, etc. It facilitates
knowledge creation, sharing, adoption, and so on. The processes deal with how
the knowledge is created, how it is shared, how it is stored, applied, etc. (Santoro
et al., 2018). Knowledge management theory revolves around the central focus of
the knowledge within the organisation. KM allows an organisation to attain, cre-
ate, and share knowledge for decision-making and to create business strategies
(Ferreira et al., 2018). It can contribute to new business structures and new con-
cepts of management to improve the competitiveness of the firm.

Figure 1.3 shows the main findings of the literature on how KM can impact
the CSC and its processes. Knowledge management’s impact on organisations’
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capabilities to develop circular processes can be divided into internal (within the
organisation) and external (organisation networks). Organisations can improve the
skills and competencies of the employees within the company so that they can
perform daily tasks by considering the CE context (Giudice et al., 2020; Belkadi
etal., 2020; Ortega-Lapiedra et al., 2019). Managers can develop and improve
circular processes by accessing the relevant knowledge within the organisation’s
network (Ciulli et al., 2020; Kristoffersen et al., 2020). Identifying the relevant
knowledge reveals opportunities for adapting or creating new processes within an
organisation to address the CE objectives (Wu et al., 2019).

Knowledge management
External environment Internal environment

Developing circular Explicit knowledge Using tacit and Tacit knowledge
solutions with other . sharing explicit knowledgeto || facilitation within the
stakeholdersby using i develop circular organisation
tacit and explicit i solutions
knowledee i
Brown et al., 2020; Cesur d Garrido-Hidalgo et al Kristoffersen etal., i| Giudiceetal, 2020;
et al., 2020; Cantele et i | 2020;Morenoet al., 2020; Clulli etal , 2020; | {| Belkadietal., 2020;
al., 2020; Melander & - 2019;Ruel et al., 2019. Wuetal, 2019. i| Ortega-Lapierdaetal
Pazirandeh, 2019; Hazin ‘ 2018.
et al., 2019; Razminiene
& Tvaronavitieng, 2018.

CE strategies Enabling Circular Improving CE

development k circular processes : competences of

processes development the employees

Fig. 1.3. Conceptual framework of how knowledge management impacts
an organisation’s capabilities to develop circular processes
(source: Radavi¢ius & Tvaronaviéiené, 2022)

The CE ecosystem involves multiple stakeholders within organisations’ net-
works. Organisations can contribute to knowledge sharing to make other parts of
the supply chain more circular (Moreno et al., 2019). New circular processes can
be developed by understanding the relevant information that is attributed to spe-
cific products or materials (Ruel et al., 2019). It can be supported by ensuring
knowledge accessibility for the relevant organisations (Moreno et al., 2019).
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The circular processes are linked with various CE strategies, such as reducing
materials usage, enabling reparability, etc. The implementation of such CE strat-
egies requires cooperation between multiple stakeholders as it involves complex
processes of different organisations. The synergy of organisations’ knowledge to-
wards circular process creation, actively sharing knowledge, and participating in
KM formation requires close cooperation of organisations and their networks
(Brown et al., 2020; Cesur et al., 2020). Trust is required within the ecosystem of
managing CE strategies when multiple organisations and their networks are in-
volved (Cantele et al., 2020; Melander & Pazirandeh, 2019). Each of the organi-
sation benefits from the active part of co-creation and sharing knowledge through
the creation of their circular solutions within organisations, leading to reduced
waste generation, increased materials and products recycling, etc. (Haziri et al.,
2019; Razminiene & Tvaronaviciene, 2018).

Organisations’ capabilities are improved when they can facilitate tacit and
explicit knowledge that is related to CE. By using the knowledge for their business
processes and strategies, organisations can develop their circular solutions.
Knowledge sharing and cooperation of organisations and their networks must be
present to allow and foster CE implementation in other organisations. Within the
CE ecosystem, knowledge management of various organisations can lead to the
creation of a CSC through the implementation of CE strategies.

Kogut and Zander were among the first to link the knowledge-based theory
with competitive advantage (Sazali et al., 2009). The tacit type of knowledge,
which is based on people’s skills, competencies, know-how, etc., is difficult to
transfer. Tacit knowledge can be passed on to another person through socialising.
By receiving tacit knowledge through socialising, a person can create new
knowledge that could potentially lead to the generation of explicit knowledge.
Explicit knowledge, based on software, hardware technologies, documents, pro-
cedures, etc., is the core of the technology transfer (TT). Explicit knowledge is
easier to transfer compared to tacit knowledge. Tacit knowledge is required to
generate explicit knowledge, which can be used by organisations to improve their
competitiveness. In the CE ecosystem, explicit knowledge allows organisations to
develop strategies and processes to enable CE strategies. In this ecosystem, the
roles of technology transfer and transferee are important for establishing CE strat-
egies. Their management through digital technologies could foster progress in
adapting supply chains to implement CE strategies.

The impact of technology transfer on organisations’ capability to develop
circular processes is shown in Figure 1.4. Procedures, white papers, guidelines,
physical assets, etc., can be transferred from one organisation to another. Either in
academic spin-offs, focusing on a specific technology transfer (low-carbon tech-
nology as such), or in other forms, organisations can share explicit knowledge
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(Kirchherr & Urban, 2018; Poponi et al., 2020). The acquired specific or adapta-
ble technology to the organisation context allows the transferee to develop its cir-
cular processes. To enable scalability and allow various other organisations to ac-
quire relevant technology for CE development objectives, the technology can be
acquired through various methods, such as licensing, franchising, etc. It is referred
to as conditional transfer, where two parties agree on the technology transfer with
specific rules. These transfers differ from one organisation to another by scalabil-
ity, speed, technologies that are easier to locate through various platforms, etc.
(Chen et al., 2020; Guo et al., 2020). Based on the open-source principle, organi-
sations can access freely relevant knowledge on how to repair products, footprints
for 3D printing, materials passports, etc. (Gonzalez-Varona et al., 2020; Unter-
frauner et al., 2019). The open-source principles of easy and free-of-charge access
allow CE ecosystem stakeholders to use it for CE strategies and circular process
development.

Technology transfer

94 ; ™

From one organisation to
another

To multiple organisations

Poponi et al., 2020; Kirchherr &

@ @ Urban, 2018.

Open-source Conditional transfer

Unterfrauner et al., 2019; Chen et al., 2020;
Gonzalez-Varona et al., Guo et al., 2020.
2020.

Fig. 1.4. Impact of the conceptual framework of technology transfer on organisations’
capabilities to develop circular processes
(source: composed by the author)

Technology transfer within the CE context allows relevant explicit
knowledge diffusion among the organisations and their networks. It facilitates the
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capabilities of organisations to develop new circular processes within their organ-
isations. By allowing the technology to be shared, the CE ecosystem is enriched
with explicit knowledge to be used by various stakeholders, which allows CE
strategies to be addressed.

Technology transfer and knowledge management overlap in terms of intan-
gible assets. Thus, based on the categories and elements of technology transfer (da
Silva et al., 2018), the separation of KM and TT is shown in Table 1.4. Experi-
ences, knowledge, and results of scientific research are the areas of knowledge
management. Technical support and logical software are related to specific tech-
nical products or processes.

Table 1.4. Distinguishing tangible and intangible assets of TT and KM (source: based on
Silva et al., 2018)

Category Element Area

Tangible asset Tool TT
Machine and equipment TT
Prototype TT
Physical components and TT
device
Hardware TT

Tangible and/or intangible | Results of scientific re- KM

asset search

Intangible asset Logical software TT
Experience KM
Knowledge KM
Technical support TT

Technology transfer is important within the CE context to enable or improve
opportunities for circular strategies and processes. The technologies in the context
of this paper relate to the tangible assets that allow improving circularity: sustain-
able design of products, components, materials, technologies related to recycling,
reuse, etc. Technologies that are developed by the industry or by the innovation
network are crucial for CE development. Therefore, TT is included as an addi-
tional concept to support KM theory.

The CSC system and its stakeholders need to coordinate resources to de-
velop circular processes. In this process, CSCs are impacted by other networks,
organisations or institutions. They impact the way CSC operates. Institutional
theory analyses organisational practices that are shaped by norms, constraints,
shared cognition, structures and social expectations (Arranz & Arroyabe,



1. THEORETICAL APPROACH TO THE CIRCULAR SUPPLY CHAIN: THEORIES... 33

2023). Organisations’ operations are impacted by institutions and other organ-
isations. Institutional theory analyses isomorphism: (1) how laws and regula-
tions impact organisations, (2) how organisations learn and copy good practices
from other organisations, and (3) how organisations follow specific industry
guidelines (Hambrick et al., 2004). Within CE, the institutional force of poli-
cies shapes organisations’ strategies. At the same time, organisations compete
with their progress on CE and form good practices. Institutional theory allows
for the analysis of the forces outside or within the system’s boundary that im-
pact CE. Within the CSC, it corresponds to industry standards, EU or separate
countries’ regulations, etc. The circularity in the system can be improved by
understanding the forces and how they can be managed.

Understanding the CSC system and how it is influenced by external actors
provides clarity on steps to be taken to further increase circularity in CSC. Each
of the organisations has some processes that deal with waste treatment, recy-
cling, prolonging the lifetime of products, etc. If CE indicators are identified,
then it is possible to measure the circularity within CSC. To achieve a desirable
result in those measurable indicators, one needs to find solutions how to im-
prove circularity within CSC. The theory of constraints (TOC) analyses lim-
itations within the systems, which can hinder reaching specific targets: increas-
ing productivity, having no lack of inventory or materials shortage, avoiding
machinery underperformance, etc. (Simatupang et al., 2004). The result of the
analysis of those constraints can allow organisations to identify those con-
straints and find solutions to improve them. Within the context of CE and CSC,
cooperation needs are highlighted by the researchers as a key factor in achiev-
ing CE strategies. The cooperation constraints that organisations have are as
follows (Simatupang et al., 2004):

Decision-making when considering only the interests of one’s organisa-
tion.

— Alack of qualitative indicators that would reflect benefits on not one or-

ganisation but the whole supply chain.

— Unclear technical changes required to develop a competitive product or

service.

— Unclear required changes in supply chain processes.

— Unclear results of one organisation process change impact on the whole

supply chain.

— Risk to reduce bargaining power with suppliers.

The constraints can be organisations’ practices within the supply chain that
prevent the whole supply chain from achieving a particular circularity-related tar-
get (Keogh et al., 2017). These types of constraints can limit cooperation’s poten-
tial to implement CE strategies. Identification of key constraints is an important
step towards a cooperation-based approach to the supply chain.
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TOC was first introduced within the operational level of organisations. TOC
has several steps: identify the constraint (1), exploit the constraint (2), subordinate
the process to the constraint (3), elevate the constraint (4) and repeat the cycle (5),
finding the next constrained in production processes of organisations (Orouji,
2016). It allowed managers to concentrate on the bottlenecks that limit the im-
proving performance of the production lines. The ultimate goal of TOC is to focus
on a particular issue. While other approaches, such as Six Sigma and lean think-
ing, provide a similar approach, TOC is more focused on the system rather than
the problem or the flow (Orouji, 2016).

When considering the whole system, it allows TOC to be used for other
applications, not only within production lines. Looking from the perspective of
CSC, the scope is inter-connected organisations that deliver products and ser-
vices to the final consumer while ensuring that closed loops are established.
From the CSC perspective, TOC allows identifying focus points within the CSC
that are blocking the improvement of circularity, either in specific organisations
within the CSC or the whole CSC. Thus, TOC theory allows the whole CSC to
be considered in detecting and solving the constraints of CE growth within the
CSC.

Table 1.5 provides a summary of each theory and concept through the the-
ory or concept description and relevance to the CSC. The analysis of theories
and concepts includes two steps: identification of which aspects of CSC the
theory can address and how the theory can contribute to the management of
CSC.

Sustainable development is a wide approach to managing organisations and
economies in pursuit of social, environmental and economic benefits. The supply
chains are required to reflect upon their processes to identify their impact beyond
circularity performance.

Circular economy proposes principles to improve resource management.
The principles vary, from redesigning materials, components and products to en-
suring their recirculation in the supply chains. Organisations are required to adapt
their operations to integrate circularity processes that contribute to the objectives
of circular principles.

System theory defines each of the element’s characteristics and their influ-
ence. The CSC can be systemised to identify key elements that are interconnected
with each other, e.g., supply chain organisations.

Networking theory implies that organisations and their CSC are part of other
networks, for example, other supply chains that receive or can supply recycled
materials. The CSC depends on other networks; thus, their management is an im-
portant step in CSC development.
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Table 1.5. Summary of the theories’ impact on CSC (source: made by the author based
on a literature review)

development

economies in a manner
that benefits the environ-
ment, economy, and soci-
eties.

Theories or Description Relevance to the CSC | CSC aspects that

concepts theories can help to
analyse

Sustainable An approach to develop Forming CSC while How is CSC linked

considering economic
and social factors.

with the overall sus-
tainability beyond
CE?

or being influenced by the
system.

Circular The transition of the Integration of CE prin- | Which principles
economy economy ensures the cir- | ciples in CSC. should CSC incorpo-
culation of resources. rate?
Systems Analysis of intercon- Representing CSC asa | ldentification of sys-
theory nected parts that form a system where all parts tem parts and their
system where all parts in- | are interconnected. interconnection in
fluence or are influenced CSC.
by one another.
Network Participation in various Mapping and consider- | Which networks are
theory systems where the organi- | ing the effects of net- relevant for the or-
sation has a role or is im- | work actions and or- ganisation and its
pacted by the network. ganisation effects on CSC in the pursuit of
the networks from the higher circularity,
circularity perspective. | and how should the
networks be man-
aged?
Stakeholder Relevant actors, organisa- | Identification and man- | Which stakeholders
theory tions, etc., that influence agement of organisa- are relevant for the

tions for CE strategies
implementation.

implementation of a
particular CE strat-
egy, and how should
they be managed?

Coordination
theory

Mutual agreements to
achieve specific goals.

Agreement of over two
organisations for long-
term coordination of
circularity-relevant ac-
tivities.

Which of the organi-
sations’ coordination
needs to be estab-
lished for circularity
purposes, and how it
has to be managed?
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End of Table 1.5

Theories or Description Relevance to the CSC | CSC aspects that
concepts theories can help to
analyse
The resource- | Competitiveness through | Expanding the opportu- | What current re-
based view having access to re- nities of circular capa- sources does the or-
and resource sources and limits to bilities through access ganisation possess
dependency growth due to the re- to more relevant re- for circularity pur-
theory sources. sources. poses, and what are
the limitations
that organisations
have to achieve
higher levels of cir-
cularity?
Knowledge Knowledge generation, Knowledge to de- Which knowledge is
management exchange, transfer, etc. velop/adapt circular required for circular
processes. purposes, and how
can it be acquired or
created?
Technology Explicit knowledge gen- Explicit knowledge de- | What types of ex-
transfer eration, transfer, etc. velopment and sharing | plicit knowledge
for circularity purposes. | (materials, proce-
dures, etc.) do organ-
isations need to im-
plement circularity?
Institutional Analysing forces that Analysing forces that What types of organ-
theory shape organisations’ oper- | impact CSC organisa- isations and what in-
ations. tions” behaviour related | fluence do they have
to CE implementation. on CSCs?
Theory of Limits to growth or to Pinpointing concrete What are the con-
constraints compete due to the con- CE bottlenecks that straints for achieving
straints in the organisa- block specific circular- | CE strategies within
tions’ systems. ity issues. csec?

Stakeholder theory provides the need to identify the main organisations or
actors within and outside CSC that have high importance for CSC developments.
The theory covers the CSC aspect of identifying and grouping similar stakehold-
ers, such as product manufacturers. The results of systemically identified and an-
alysed CSC-related stakeholders can be used to identify dependencies and oppor-
tunities for stakeholder collaboration for mutual benefits.

The coordination theory highlights an element of the agreement, preferably
legal, between the organisations attempting to improve circularity. The theory ap-
proach allows for improving the chances of long-term success as it binds organi-
sations more tightly to pursue circularity.
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The resource-based view and resource dependency theory allow for the
setting of boundaries regarding how much the organisation can work alone in
achieving circularity without establishing cooperation. By pooling multiple or-
ganisation resources, the circular processes can be developed and maintained
within the CSC. The theories allow for the analysis of relevant resources from
multiple CSC organisations to be utilised for the common goal of the CSC.

Knowledge management and technology transfer conceptualise the role of
explicit and implicit knowledge in developing CSC. It revolves around having
enough knowledge to develop relevant processes, such as efficient end-of-life col-
lection processes of the products. The aspects of circular economy-related
knowledge identification allow CSC to utilise it to develop circular processes.

Institutional theory suggests that organisations are shaped by forces that
influence organisations’ behaviour. Within CSC, in each of the supply chain steps,
the organisations are influencing each other through their operations. The theory
allows for looking at those forces to understand their impact on supply chain ca-
pability to improve circularity.

The theory of constraints allows for focusing on concrete bottlenecks within
CSC, how those constraints relate to each of the organisations, and their potential
for circularity growth within CSC. These constraints can be identified and as-
sessed by relating them with CE objectives, such as increasing recyclability.

The review of theories and concepts impacting CSC allowed for identifying fo-
cus points of the CSC. The identification of CSC issues while considering theoretical
solutions (theories and concepts) allows for proposing a solution for CSC manage-
ment. Each of the theories and concepts provided a specific solution or an approach
to CSC handling. For example, the theory of constraints allows for identifying CSC
CE-related constraints, the circular economy answers questions related to which ob-
jectives within the CE industry CSC should focus on, etc. Based on the generated
information, the CSC model can be conceptualised.

1.5. Analysis of circular economy indicators and
factors affecting circular supply chain circularity

CE implementation in the supply chain, considering supply chain characteristics,
such as focusing on value creation through various organisational activities, is a
wide topic. It includes organisations in the supply chain and activities within each
of the organisations in the supply chain. The background to building circularity
within industries relies on the supply chain organisations that are interlinked with
each other to deliver products and services to the customers. The combination of
the supply chain network and its results is a complex system of nodes. All of these
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nodes and processes at each organisation need to be included to optimise the ac-
tivities and include necessary processes to achieve circularity. All of the organi-
sations within the supply chain need to contribute to changes, such as implement-
ing additional steps in quality control, production process, procurement
procedures, etc. These contributions add up to, for example, allowing higher re-
cyclability of the materials, components, and products. Therefore, the difference
between a regular linear supply chain and a circular supply chain can be measured
by the contributions and results made within the supply chain. Various indicators
are available to measure the degree of circularity. Over 256 indicators exist for
such measurement (Vinante et al., 2021). Various CE-related indicators at macro,
mezzo and micro levels are available, such as regenerative capacity index, carbon
balance, water stress, circular use, circular flow, etc., (Nika et al., 2021). The in-
dicators and the factors they measure heavily depend on the system and its related
issues. Specific sectors, industries, and the scope of the industry and its supply
chain result in the need to adjust or select the right factors and indicators to meas-
ure them. Such procedures produced over 100 tools for measuring circularity (ISO
59020, 2022). A wide degree of freedom in selecting indicators and measurement
tools based on industry, organisation, and other characteristics increased the
green-washing and decreased the relevance of such indicators (1SO 59020, 2022).

Table 1.6 summarises indicators proposed by researchers to measure circu-
larity in supply chains. The indicators focus on materials, components, and prod-
ucts in terms of energy used to process them, amount of materials used, recycla-
bility, waste accumulation, etc.

Table 1.6. Review of supply chain indicators measuring circularity

CE indicator Authors

Energy consumption (Kurt et al., 2021)
Materials consumption (Kurt etal., 2021)
Longevity of the product (Kurt et al., 2021)
Reuse (Kurt et al., 2021)
Global warming potential (Calzolari et al., 2022)
Recycled waste (Calzolari et al., 2022)
Recovered waste (Calzolari et al., 2022)
Recyclability (Calzolari et al., 2022)
Ease of disassembly (Calzolari et al., 2022)
Renewable energy use (Calzolari et al., 2022)
Water emissions (Calzolari et al., 2022)
Water use (Calzolari et al., 2022)
Recycling rate (Lee et al., 2024)
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End of Table 1.6

CE indicator

Authors

Estimated disassembly time

(Lee et al., 2024)

Resource efficiency

(Lee et al., 2024)

Biological materials

(Howard et al., 2019)

the biosphere

Biological materials expected to return to

(Howard et al., 2019)

The indicators also tackle materials, components, and products after their us-
age in terms of whether they will return to the biosphere and whether they will be
easy to recycle or disassemble. The indicators focus on materials inflows and out-

flows in the circular supply chain.

Table 1.7 lists core CE indicators that are present in ISO 59020, which consist

of resource inflows and outflows, energy, water, and economic indicators catego-
ries. The indicators from the literature are reflected in the 1SO 59020 standard,
which provides a common practice for measuring key indicators to ensure com-
patibility between different companies or supply chains.

Table 1.7. Core CE indicators (source: adapted from 1SO 59020, 2020)

to the industry average

Category Circularity indicator Summary description
Resource Average % of reuse content | Fraction of input material resources
inflows of an inflow that is reused content (except recycled
content)
Average % of recycled con- | Fraction of input materials resources
tent of an inflow that are recycled content
Average % of renewable Fraction of material resources inflow
content of an inflow that is sustainably produced renewable
content
Resource The average lifetime of a Indicator of time that an output re-
outflows product or material relative source (e.g., product) will remain in

use compared to an industry average
for the resource

% of actual reused content
derived from an outflow

Fraction of outflow that is/will be re-
used

% of actual recycling rate of
outflow

Fraction of outflow that is/will be recy-
cled

% of actual recirculation of
outflow in the biological cy-
cle

Fraction of outflow content that is re-
circulated at the end of life for safe re-
turn to the biosphere and meets the
qualifying conditions for recirculation
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End of Table 1.7

Category Circularity indicator \ Summary description
Energy Indicators of energy circularity (inflows and outflows)
Average % of consumed energy from renewable sources
Water Indicators of water circularity (inflow, outflow, and internal circularity)
% of water withdrawal from | % of annual water demand that is de-
circular sources rived from circular sources
% of water discharged in ac- | % (by volume) of total water withdrawn
cordance with circularity that is discharged in accordance with
principles circularity principles
% of water discharged in ac- | % (by volume) of total water with-
cordance with circularity drawn that is discharged in accordance
principles with circularity principles
% of onsite/internal water re- | Reuse cycles of onsite water
use/recirculation
Economic Indicators of Economic
Revenue share of circular re- | Total revenue generated per year by
sources (or products) use of circular (and/or) non-circular re-
sources
Material productivity Revenue generated or total mass of all
linear resource inflows
Resource intensity index A quantitative measure of economic
growth versus total resource use

Resource inflow indicators are reused content, recycled content, and renew-
able content in the MCPs. The goal is to encourage organisations to use resources
that are recycled, already used or are not fossil-based. Recycled content, renewa-
ble content and reuse indicators are investigated by the researchers (D’Adamo
et al., 2024; Ravikumar et al., 2024). The context of industries where these indi-
cators are applied needs to be analysed. In some cases, indicators might not apply
to the specifics of industry materials, components or products.

Resource outflows refer to the average lifetime of MCPs and whether those
MCPs will be reused, recycled or can be safely returned to the environment’s bi-
ological cycle. Energy measures organisation consumption of renewable energy.
The water measures water withdrawal, discharge, and re-circularity. Economic
indicators refer to revenue shares from circular resources or products, revenue
based on resource consumption, and an index representing economic growth ver-
sus consumed resources. Longevity, reuse, recyclability and recirculation back to
the biological cycle are used by researchers to investigate product circularity
(Kusumo et al., 2022; Kowalski et al., 2023).
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Various changes in processes are required for organisations and their supply
chains to work together to achieve or unlock progress towards the core indicators.
On top of that, they are impacted by other stakeholders, such as consumer behav-
iour through proper recycling of the products by placing the product in the correct
bin, regulations, the available quantities of secondary materials in the market, etc.
Thus, the dimension of motivation to be an active participant within CSC needs
to be explored.

Organisations within CSC can reduce waste generation, reduce costs, and re-
duce CO emissions, which eventually will lead to higher financial stability (Patra
et al., 2024). Reducing dependency on natural resources can lead to increased or-
ganisations’ competitive advantage (Hussain et al., 2023b). The relevance for the
company and interests need to be reflected to determine whether the organisation
can benefit from being an active member of a CSC.

Cooperation must have a clear goal which aligns with the organisation’s
goals and with specific circular indicators. The process ensures that the results of
cooperation will have a clear impact on specific CE indicators. Thus, constraints
in the supply chain and their impact on specific indicators must be determined.
Identifying which constraints would have the highest impact on a particular CE
indicator would allow organisations to prioritise the constraints of the highest pri-
ority. The focus would be placed on constraints that would bring the highest ben-
efit compared to solving other constraints.

1.6. Proposed theoretical framework model of
circular supply chain

The perfect circular supply chain can be envisioned as a fully cooperating CSC
that works on implementing the CE strategies. In a perfect scenario, all of the
organisations within the CSC are aware of the opportunities of the CE strategies,
how much each of the CE strategies requires modifications or adaptations in their
activities, and what the benefits and costs are. In that case, all of the organisations
would be fully willing to cooperate and share the benefits and costs respectively.
Such complexities in each of the supply chains require cooperation to identify the
issues and their impacts on organisations’ performance. Figure 1.5 presents a the-
oretical framework model of a CSC. Three elements from analysed theories were
taken: CE knowledge, CE-related resources and CE capabilities to be used for
the analysis of supply chain actors to answer the following questions:

1. Which knowledge is required for circular purposes, and how can it be ac-
quired or created?

2. What current resources do organisations possess for circularity purposes,
and what limitations do they have to achieve higher levels of circularity?
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3. What are the constraints for achieving CE strategies within CSC?

The CE knowledge is based on knowledge theory. The theory is employed
to analyse supply chain organisations’ knowledge, e.g. information relevant to the
design of circular products. The knowledge management approach allows for an-
alysing what information organisations possess and what is missing. Furthermore,
an analysis can be made of how the information should be acquired and used, as
in most cases, multiple actors are required to cooperate to improve circularity
within the supply chain.

The CE-related resources are based on the resource-based view theory. Or-
ganisations seek to achieve competitive advantage by acquiring resources, making
them hard for competitors to access. It is essential to determine how far one or-
ganisation can improve circularity when only its resources are utilised. If the cir-
cularity performance is unsatisfactory, then another approach would be required
to work with other networks to increase circularity capabilities.

CE capabilities are based on resource-dependency theory. Cooperation pos-
sibilities should be explored when one cannot achieve circularity goals with one’s
organisational resources. The theory allows for analysing the interconnection of
multiple organisations to determine in which cases the cooperation would benefit
all of the organisations.

Four steps are proposed to improve the CSC performance: identify CE con-
straints, assess the impact constraints have on organisations’ CE performance, es-
tablish cooperation, and solve the constraints. The theory of constraints is used to
propose steps on how the assessment of a circular supply chain can be categorised,
from identifying the constraint to solving it. The first step is to identify the CE
constraints for all supply chain actors. The identification of specific constraints,
while considering all of the supply chain actors, allows for generating a compre-
hensive list of constraints. After the constraints are identified and assessed, coop-
eration can be established to solve concrete constraints. After the constraint is
solved, CE performance is increased. To further improve the CE performance,
new constraints need to be identified and solved using the same cooperation ap-
proach.

The supply chain consists of 3rd, 4", ... level suppliers, 2nd and 1st level
suppliers, product manufacturers, users, MCPs’ EoL management, and recycling.
Materials producers are classified as 3rd, 4th and further suppliers, and compo-
nents suppliers as 1st tier and 2nd tier suppliers. The component producers, or
direct suppliers of the material to the component producer, imply a higher con-
nection with the product producer. Meanwhile, further material producers (3rd tier
suppliers and beyond) are less bound to a specific supply chain as the materials
are less processed for particular supply chain needs (e.g., material quality).
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The product manufacturer and users are separate actors in the CSC model.
The product manufacturer is a significant factor that assembles all of the compo-
nents for the final product. The user’s stage involves the actors that deal with the
product after it leaves the manufacturer’s facility, e.g., the distributors, project
developers, customers, etc. MCPs®> EoL. managers stage includes the organisa-
tions involved in repairing, reusing, reverse logistics, refurbishment, etc. The re-
cyclers stage of the CSC indicates actors that deal with processing the MCPs, for
example, into secondary materials.

The objective of a circular supply chain is to ensure the circularity of its
materials, components, and products. The objective and stakeholders within the
CSC are affected by virgin raw material prices, available subsidies to promote
circular processes, etc., (Shekarian, 2020). The main factors relevant to the
CSC are networks, stakeholders, and regulatory impacts (Dwivedi, 2009; Par-
mar et al., 2010; Luthra et al., 2022). The networks are other actors and their
supply chains. Due to the nature of CSC, where improving CE performance
requires secondary materials, other supply chains can be its source. The stake-
holders that impact the CSC are particular organisations, government bodies,
or specific organisations in other supply chains that can have a high impact on
the performance of the CSC.

Theoretical approach to circular supply chain
! Knowledge management theory [ Resource-based view & resource-dependency theories ;
CE knowledge [ CE-related resources CE capabilities
* What knowledge is required to ! i| = Access to circular materials, * To design circular materials,
develop circular processes. ti| components & pr components & products.

! = How the knowledge should be i| + Access to a sufficient amount end-of- + To develop & maintain circular
integrated within the CSC i i lifeproducts & their data for high-valuc processes

Influence on circular 1| organisation processes. i |  recycling and other Eol. processes.

supply chain

Regulatory factors

Networks

Stakeholders

¥

Constraints impact on
organisations CE

Theory of
constraints

| Supply chain circularity performance |

Fig. 1.5. Theoretical framework model of a circular supply chain
(source: made by the author)
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The CSC actors solve constraints by collaborating to identify, assess, and
solve the constraints. The CSC theoretical framework model allows for identi-
fying the concrete constraints within a particular CSC. Knowing specific con-
straints is the first step in finding solutions to improving CE performance. The
dissertation focuses on the following two processes of the model: CE con-
straint identification and the impact of constraints on organisations’ CE
performance. These processes can be followed by establishing cooperation
and solving the constraints. The last two processes focus on implementing so-
lutions to address the circularity constraints identified by CSC organisations.

The theoretical framework model of a circular supply chain suggests that
each of the actors must work together not only along the way, such as product
manufacturers working together with component producers to produce goods for
users, but with the whole CSC. It is represented as four processes to identify, as-
sess, establish cooperation, and solve the circularity constraints by working to-
gether as a CSC. The system for continuous circularity improvement is affected
by the environment, which is represented by regulatory factors, external stake-
holders, and other networks. The regulatory landscape can promote or punish the
lack of circularity within CSC. The stakeholders impacting CSC, e.g. organisa-
tions providing or receiving byproducts of the CSC, are impacting CSC circularity
processes. Furthermore, other networks that can constitute a small amount of
goods required for the CSC to operate, such as consumables in the production
system, impact the CSC’s objectives of improving circularity. The proposed
model highlights the aspect of including all CSC actors in developing circularity
processes that standalone organisations would be unable to achieve due to depend-
encies on the CSC actors and limited internal resources and knowledge.

1.7. Conclusions of the First Chapter and formulation
of the tasks of the dissertation

1. The literature review on CE and circular supply chains suggests that or-
ganisations can improve their performance in circularity (increase recy-
cling, reuse, etc.) by cooperating with the CSC actors. The difficulty be-
comes in managing the CSC actors to achieve circular economy progress
by cooperating. CSC is a complex system, as it includes the collection,
recycling, reuse, etc., of materials, components, and products. The CSC
actors require tools to work together systematically to achieve circularity
objectives.

2. CE strategies and their approaches in the research field are primarily fo-
cused on a singular organisation’s perspective. The selection and imple-
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mentation of one organisation’s CE objectives, with or without the re-
maining CSC, has shortcomings in the full CE potential. The difficulty
arises in managing the CSC for a common goal where each actor might
have different priorities in terms of circularity improvement.

Theories and concepts were reviewed to identify theoretical solutions for
the implementation of CSC. The most significant finding within the man-
agement field, in the context of the circular economy within the supply
chain system, is the theory of constraint application. It is followed by a
resource-based view and resource-dependency theories to analyse the re-
sources and capabilities of supply chain organisations to improve circu-
larity. The knowledge management theory is considered to analyse what
knowledge is required to be utilised by the supply chain actors to work
together in improving circularity.

The organisation’s motivation to participate in coordination within a CSC
is to achieve a competitive advantage. A competitive advantage to im-
prove performance in circularity provides a unique opportunity in the
CSC. The challenge is to evaluate the circularity constraints within the
CSC to prioritise the relevant ones and systematically solve the con-
straints for continuous improvement of the CSC’s circularity.

The proposed theoretical framework model for a circular supply chain
demonstrates the role of the participation of organisations within the sup-
ply chain in solving the constraints. A sequence of processes is required
to select the circularity constraints that have the most impact on the CSC.
These processes should ensure that the entire CSC participates in identi-
fying and evaluating the circularity constraints.

According to the conclusions of the First Chapter, the following tasks of the

dissertation are formulated:

1. To develop an indicator system to measure supply chain circularity.
2. To apply a tool to assess circularity constraints and identify solutions to

the constraints in the European Union’s photovoltaic supply chain.






Methodology of circularity constraint
identification, assessment, and
selection of the most relevant
constraint

The Second Chapter of the dissertation consists of five steps. The first step is to
formulate the indicator system, which is based on the proposed circular supply
chain model. The second step is to describe methods for the proposed tool, for
decision-making regarding constraints on which the EU’s photovoltaics circular
supply chain should focus to improve circularity. The third step requires a descrip-
tion of the method for collecting CE constraints from the EU’s PV CSC. The
fourth step consists of a method for collecting inputs from the EU’s PV CSC or-
ganisations. The last step describes the method to weigh indicators. The main re-
search findings of this Chapter are published in the author’s publication
(Nyffenegger et al., 2024).

The dissertation aims to use the proposed circular supply chain tool (Fig. 2.1)
to evaluate circular supply chain circularity constraints. The tool covers two of the
processes within the CSC model: the identification of CSC’s CE constraints and
the impact of the constraints on organisations’ CE performance.

47
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CSC constraint To gather information from CSC organi-
identification sations

To identify what are the constraints for
the CSC organisations

To determine indicators’ relevance for

Constraint impacts the given industry’s CSC
on organisations’

CE performance

To collect inputs from CSC organisations

To prioritise CSC constraints

Fig. 2.1. CSC tool for constraint identification and assessment

The tool consists of five steps: (1) to collect data from the organisations, (2)
to analyse the data and list the constraints faced by the CSC, (3) to evaluate the
indicator’s relevance on the selected industry’s CSC, (4) to collect inputs from
CSC organisations on how they perceive the constraints affecting indicators, and
(5) to prioritise the constraints.

The proposed steps should eventually allow for answering the following
questions that arise from knowledge management, resource-based view, resource-
dependency, and constraints theories:

1. Which knowledge is required for circular purposes, and how can it be ac-
quired or created?

2. What current resources do organisations possess for circularity purposes,
and what limitations do organisations have to achieve higher levels of circularity?

3. What are the constraints for achieving CE strategies within a CSC?

2.1. Formulation of circular supply chain tool
indicators

The literature review of the circular supply chain, the theories and concepts af-
fecting it, and the main CE indicators suggest the high complexity of the CSC.
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Even though organisations are interconnected to provide products and services to
the final customer, EoL management, specifically recycling, is often overlooked.
The CSC ecosystem is complex and inter-connected, making circular strategy im-
plementation a difficult task.

Understanding constraints limiting CE in circular supply chains requires a
clear identification of the main focus points. The focus points are the constraints
for moving forward into the circularity for the whole CSC. Each of the organisa-
tions has its circularity-related goals that need to be aligned with the rest of the
CSC to conduct effective cooperation for addressing specific constraints. Some
can focus on recycling, others on increasing recycled content percentage or reduc-
ing CO; footprint strategies. Thus, a need exists to identify the constraints and
evaluate the most promising constraints that would generate the highest benefit.

Based on the literature review, two types of indicators of CE-related con-
straints are identified: (1) impact on core CE indicators and (2) motivation in solv-
ing constraints. Indicators that are present both in 1ISO 59020 and from the litera-
ture represent core metrics that could be used in any given industry. The following
indicators are used (ISO 59020, 2023):

(1) Reuse the content of an inflow.

A resource inflow is reused content if it has already been used. It can include
materials and parts but does not include materials that have been processed
through a recycling operation.

(2) Recycled the content of an inflow.

Recycled content includes pre-consumer and post-consumer material. Ex-
cluded materials are re-utilisation of materials within an industrial process, such
as rework, regrind or scrap generated in a process that can be reclaimed within the
same process that generated it.

(3) Renewable (biomass) content of an inflow.

Renewable material is biomass that is replenishable at a rate equal to or
greater than the rate of depletion. Biomass material inflows which are technically
renewable but are sourced or managed in a manner incompatible with sustainable
development should not be considered circular and, thus, as renewable material to
calculate this circularity indicator.

(4) A lifetime of MCPs relative to the industry average.

Indicator that identifies the degree to which a resource outflow (e.g., a prod-
uct or material) can retain its value over time compared to the industry average
for that resource.

(5) Reused content derived from outflow.

Calculation of the fraction of content that was recovered or will be realisti-
cally recovered from the outflow (at the end of life) for reuse in the production,
maintenance, or repair of other resources/products.

(6) The recycling rate of outflow.
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The effective level of recovery of materials from resource outflows is ob-
tained through a combination of effective collection and efficient recycling. It is
a calculation of the average fraction of content from the resource outflow that was
(or realistically will be) recovered and recycled into secondary material for use as
a resource inflow to the system in focus or by another organisation or region. The
recycled content can be used as a resource inflow, replacing primary materials in
the production of new products or for other purposes.

(7) Recirculation of outflow in the biological cycle.

Indicator that calculates the fraction of outflow content (e.g., biomass or nu-
trients) that is recirculated at the end of life for safe return to the biosphere (bio-
degradation) and meets the qualifying conditions for recirculation (e.g., compost-
ing or anaerobic digestion). The returns to the biosphere can be described as a
fully biodegraded material or substance that microorganisms can decompose, and
that degrades to organic molecules that living systems can use further, for exam-
ple, via composting and anaerobic digestion.

(8) Constraint impact on the organisation’s CE potential.

Constraint impact on the organisation’s CE potential allows for measuring
whether solving the constraint will positively impact the organisation. Based on
coordination theory, each organisation can have different priorities in terms of
circularity. The goals can be to reduce CO; footprint, reduce CO, emissions, in-
crease recyclability, design out toxic materials, etc. Thus, each organisation’s per-
ception needs to be included to identify whether constraint will positively impact
their CE goals. Without the linkage between organisations’ CE goals and the con-
straints, it is unlikely that organisations would be motivated to solve the con-
straint.

(9) Interest in investing resources in solving the constraint.

Interest in investing resources in solving the constraint allows for measuring
the organisation’s capability to invest resources in solving the constraint. The de-
cision to be highly interested could be dependent on problem-solving requiring
little to no resources, few changes in organisation processes, etc. Low interest in
solving the constraint could result from its low impact on the organisation, having
no priority to invest resources due to the current strategic reasons, having no avail-
able resources, etc. By considering a resource-based view, this indicator allows
for considering the organisation’s current resources in deciding which constraint
should be prioritised.

Table 2.1 provides the weighting of indicators and their categories. The sum
of all indicator categories provides a priority list based on constraint complexity
and its impact on a specific CE indicator and considers organisations’ motivation
in solving the constraint. Prioritising the constraints is the first key step in estab-
lishing CSC cooperation.
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Table 2.1. Indicators system for evaluating constraints (source: made by the author)

Indicators Explanation

1.1 Reuse content Amount of reused components in the
product

1.2 Recycled content Amount of recycled content within the
product

1.3 Renewable content Amount of renewable content (biomass,
wood, etc.) in the product

1.4 Lifetime of MCPs Lifetime of the product

1.5 Reused content from outflow in MCPs | Expected reuse amount of the product at
end-of-life

1.6 Recycling rate of MCPs Recyclability of the product

1.7 Recirculation of MCPs in the biologi- | The expected amount of product renew-

cal cycle able components that decompose in the
biological cycle

1.8 Constraint’s impact on the organisa- Constraint’s impact on the organisa-

tion’s CE potential tion’s CE performance

1.9 Interest to invest resources in solving | Organisation’s interest in solving the

the constraint constraint

The tools must be aligned to be used for the specific circular supply chain.
Weights for each of the indicators are required based on circular supply chain
specifics.

2.2. Selected methods for tool application in the
photovoltaics circular supply chain

Expert evaluation is proposed to ensure that the proposed circular supply chain
evaluation tool is relevant in the context of the EU’s photovoltaics CSC. The
multi-criteria decision-making (MCDM) approach will be used to identify the
constraint that the circular supply chain should prioritise. MCDM is used to con-
duct decision-making based on multiple criteria. This approach has been widely
used for solving energy problems (Gribiss et al., 2023). The objective is to select
the most favourable constraint to be solved by the EU’s PV CSC. The alternatives
are the constraints that limit circularity improvement in the CSC. The MCDM
methods can be classified as (1) multi-objective decision-making (MODM) and
(2) multi-attribute decision-making (Kumar et al., 2017). MODM aims to opti-
mise the problem when multiple objectives exist. MADM is used for a singular
goal, for example, to rank the best alternative. Based on the 20122022 Science
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Direct database, articles used the following MCDM methods (top 15) the most
(Barretta et al., 2023):
AHP in 15452 research articles;
Data envelopment analysis (DEA) in 9367 research articles;
Fuzzy set theory (FST) in 8730 research articles;
Technique for order of preference by similarity to ideal solution (TOPSIS)
in 8241 research articles;
Goal programming (GP) in 4113 research articles;
Case-based reasoning (CBR) in 3258 research articles;
FUZZY AHP in 2804 research articles;
Elimination et choice translating reality (ELECTRE) in 2782 research ar-
ticles;
9. Preference ranking organisation method for enrichment of evaluations
(PROMETHEE) in 2715 research articles;
10. Visekriterijumska optimizacija | kompromisno resnje (VIKOR) in 2691
11. FUZZY TOPSIS in 2014 research articles;
12. Preference ranking global frequencies in multicriteria analysis
(PRAGMA) in 1267 research articles;
13. Simple additive weighting (SAW) in 976 research articles;
14. Multi-attribute utility theory (MAUT) in 948 research articles;
15. Best-worst method (BWM) in 867 research articles.
The most widely used MCDM method (in 15452 research articles) is AHP,
followed by DEA (9367), FST (8730) and TOPSIS (8241).

PO R

NGO

Analytical hierarchy process

The analytical hierarchy process was developed by Saaty in 1980 (Taherdoost,
n.d.). The method is used in decision-making when qualitative and quantitative
multi-criteria elements are involved. The method involves pair-wise comparison
of elements by experts or other respondents, from 1 to 9, where 1 indicates that
both elements are of equal value while 9 indicates that one of the elements is much
more important than the other.

Data envelopment analysis

Data envelopment analysis was developed by Charnes et al. (2022) in 1978. The
method’s goal is to evaluate the efficiency or performance of decisions when con-
sidering multiple inputs and outputs. Decision-making units must be chosen; they
represent the units that are compared. The method allows for identifying best-
performing units, identifying inefficient practices, monitoring efficiency, etc.
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Fuzzy set theory

Fuzzy set theory is widely used in conjunction with other MCDM methods
(Capocelli & De Luca, 1973). The goal of a fuzzy set is to classify objects into
multiple categories. The classifications allow for reducing entropy, randomness
or bias that is present in MCDM methods. Instead of having criteria evaluated
from 1 to 10, it can be narrowed to categories, such as category A consisting of
1-3, category B of 4-6, and category C of 7-10.

Technique for order preference by similarity to ideal solution

The TOPSIS method, developed by Hwang and Yoon in 1981 (Hwang & Yoon,
1981), consists of five steps: (1) construction of a normalised decision matrix con-
taining criteria and alternatives, (2) weighting the normalised decision matrix, (3)
determining positive ideal and negative ideal solutions, (4) calculating the dis-
tances of each alternative to the positive ideal and negative ideal points, and (5)
calculating the relative closeness to the ideal solution (Behzadian et al., 2012).
The method is used for decision-making by considering how close alternatives are
to the most ideal scenario. The decision-making considers how far the alternatives
are from the worst ideal scenario.

The technique for order preference by similarity to the ideal solution was
selected in this research to facilitate decision-making. TOPSIS evaluates alterna-
tives and their criteria to select the alternative closest to the ideal solution and
farthest from the non-ideal solution. All CSCs usually have to undergo enormous
progress to achieve the desired level of circularity, such as 90% recyclability of
the product. Since the theory of constraint suggests that resolving one constraint
leads to the emergence of new constraints, multiple rounds will be needed to
achieve the desired level of circularity in the EU’s PV circular supply chain.

The consideration of non-ideal scenario values allows for the selection of a
constraint which progresses the indicators more than other constraints. The
weighting of the indicators has a high impact on the TOPSIS method as it impacts
both ideal and non-ideal scenarios. It can be identified as a weakness of the
method (Santolin et al., 2023). In this research context, the relevance of the indi-
cators for a circular supply chain changes based on the progress of the industry,
policy environment, etc. Additionally, the weighting of the indicators can be
achieved by experts with a very high level of expertise, which the EU’s PV CSC
organisations experts are lacking due to the low capacity of the upstream supply
chain and the lack of organisations in the recycling/reuse field. Experts used for
weighting indicators came from either institutes of international organisations
working directly with the EU’s PV circular supply chain organisations or outside
the EU’s PV organisations. Thus, the TOPSIS method places higher weight on the
experts providing assessment for the indicators and relies less on the EU’s PV
organisations that lack a high level of expertise.
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The Delphi integration with TOPSIS strengthens the methodology by ensur-
ing expert-driven, iterative refinement of indicator weights and criteria evalua-
tions. This is particularly critical given the EU’s PV sector’s limited upstream
expertise and a small number of downstream organisations. By incorporating in-
put from international experts and external entities, the Delphi method mitigates
biases and knowledge gaps existing in the circular supply chain, enhancing the
reliability of TOPSIS outcomes. The combination of Delphi and TOPSIS offers a
robust framework for addressing the unique challenges of the research. While
TOPSIS systematically ranks constraints by leveraging objective criteria and their
relative weights, Delphi ensures these weights are derived from a consensus
among domain experts, reflecting industry relevance and policy dynamics.

TOPSIS application consists of the following steps:

1. Create the decision matrix.

(xij)mn,

where m represents alternatives, n is the criteria, and Xxj; is the intersection of
each alternative with the criteria.
2. If needed, conduct the decision matrix normalisation when not all criteria
have the same measurement principle.
x,-j
Ti i = T,
! =1 xizj
where rij is normalised numbers and x;; represents positive numbers.
3. Integrate weights in the decision matrix.
4. ldentify the worst and best criteria (max—min).
5. Calculate the ideal and non-ideal distances.
6. Perform ratio calculation.
7. Descend the ranking of the alternatives (from 1 to 0).

Weighting is required for the indicators to evaluate their impact on the con-
straints. The Delphi method, developed in the RAND project by Olaf Helmer,
Norman Dalkey and Nicholas Rescher (Weinert, 1999), suggests that groups of
experts can be used to provide weights on the criteria. At least four experts are
required to ensure that the rating is consistent between the evaluators and that the
consensus of experts is achieved with multiple rounds of questionnaires (Pongru-
engkiat et al., 2023).

Kendall’s coefficient of concordance will be used to test whether there is a
strong consensus on the criteria weighting. The method was developed by Kendall
and Babington (Kendall & Smith, 1939) to assess agreement between experts. The
method allows for analysing the consensus or non-consensus of the experts from
0 (no consensus) to 1 (high consensus). The following formula is used to calculate
the rank given by all experts to a specific indicator. The first step is to sum up all
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of the expert rankings for each indicator. Then, the mean is calculated from the
sums of each indicator expert's rankings. Afterwards, the following formulas are
applied:

S=Y R —R)?

where S is the sum of squared deviations, i represents the indicator, n is the total
number of indicators, and R is the rank given by the experts. By knowing S, Ken-
dall’s W can be found.

128
T m2(n3-n)’

where m is the total number of experts. If w is 1, then there is full consensus be-
tween the experts, and 0 means no agreement between the experts.

2.3. Selected methods for data collection and
indicator weighting

Sub-chapter 2.3 is divided into three parts: identification of the constraints of
the EU’s photovoltaics circular supply chain (1), collection of the inputs for
the indicators (2), and determining weights for the criteria (3). The first part
aims to select a method for identifying the constraints within the EU’s PV
CSC. The second part develops a method for collecting the inputs for the in-
dicators of the proposed tool. The third part determines the weights of the cri-
teria for decision-making.

2.3.1. Identification of the constraints of the European Union’s
photovoltaics circular supply chain

Semi-structured interviews were used as a data collection method. This inter-
view technique is frequently used in qualitative research (DiCicco-Bloom &
Crabtree, 2006; Kallio et al., 2016) because its versatility allows for the explo-
ration of the research questions (Galletta & Cross, 2016). The idea of semi-
structured interviews is to explore the research area by collecting similar types
of information from each participant (Magaldi & Berler, 2020) without limit-
ing their perception to the scope of a strictly-followed questionnaire (Kallio
et al., 2016).

To ensure the validity and reliability of the research results, the initial pool
of experts was established. The establishment was based on the following selec-
tion criteria: (1) position and responsibilities of the expert within the company,
(2) relevance of the organisation’s (external) and expert’s (internal) contribution
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towards the CE transition in the photovoltaics circular supply chain (both from a
company’s and the supply chain’s perspective) and (3) the expert’s willingness
and time to participate in the research study (Bogner et al., 2009; Sourani & So-
hail, 2015).

The interviewees were managers of organisations in the upstream or down-
stream circular supply chain of the solar industry, working in different positions
such as chairperson of the board, sustainability and project manager, or research
and development (R&D) experts. It should be noted that the interviewees were
not necessarily CE experts but needed to be able to understand the CE princi-
ples and attributes and to contextualise its potential implementation from a cor-
porate and a supply chain perspective. During the data collection period, the
sample of interviewees was steadily expanded through network sampling (Gal-
letta & Cross, 2013). Based on an initial analysis sample of at least ten inter-
views, the sampling size stopped when the level of data saturation was reached
as continuous data collection and open coding produced little or no additional
unique code categories (Francis et al., 2010; Ungar et al., 2006). Figure 2.2
shows how unique code categories decreased with each additional interview.

Number of new unique code categories with each new
additional interview

N
>
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Interviewed organisations

Fig. 2.2. Unique code categories added with each additional interview
(source: made by the author)

Following the previously described approach, a total of 20 interviews with
representatives from the PV supply chain were conducted. Table 2.2 shows the
list of interviewed people.
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Table 2.2. Data of interviewed organisations (source: made by the author)

No. |Position Company SC phase Revenue g;):wpany
A Sustainability man- Glass manufac- Upstream phase [ 208 MM [ 4500 em-
ager turer (component) ployees
B Sales manager Glass manufac- Upstream phase  [60 MM [ <500 em-
turer (component) ployees
C Business manager Front and back Upstream phase [ N/A 300 em-
sheet producer (component) ployees
D PV market manager | Plastics film pro- | Upstream phase (88 MM  |267 em-
ducer (component) ployees
E Chief operations of- | Solar cell producer |Upstream phase | N/A 19 employ-
ficer (component) ees
F Sustainability man- Solar cell producer | Upstream phase |13 MM |73 employ-
ager (component) ees
G R&D engineer Polysilicon produc- | Upstream phase  |460 MM | 1800 em-
tion (component) ployees
H Chief technology of- | Solar module pro- | Upstream phase |5 MM <50 em-
ficer ducer (product) ployees
| Chief sustainability Solar module pro- | Upstream phase 323 MM [ 1400 em-
officer ducer (product) ployees
J Senior climate con- | Service provider Midstream 8B 3268 em-
sultant PV installations phase (usage) ployees
L Chief executive of- Waste manage- Downstream 6.3MM [<25em-
ficer ment phase (EoL) ployees
M Chief executive of- Recycling technol- | Downstream 29 B. 220,000
ficer ogy phase (Recycling) employees
N Chief executive of- Reuse PV trading | Downstream <5 MM |10 employ-
ficer phase (EoL) ees
(@] Project manager Reuse PV project | Downstream 160 MM [1200 em-
management phase (EoL) ployees
P Consultant for dis- Service provider Downstream 160 MM | 1200 em-
posal EoL management | phase (EoL) ployees
Q Sales manager Reuse/Recycling Downstream 133.7 532 em-
technologies phase (recycling) | MM ployees
R Chief executive Recycling technol- | Downstream N/A 40 employ-
ogy phase (recycling) ees
S Chief executive Recycling technol- | Downstream <10 MM |17 employ-
ogy phase (recycling) |€ ees
T Chief executive of- Recycling technol- | Downstream N/A N/A
ficer ogy phase (recycling)
U Chief executive of- Recycling technol- | Downstream N/A 10 employ-
ficer ogy phase (recycling) ees
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The representation of circular supply chain stages is shown below:

— 3rd, 4", ... tier suppliers: 1

— 1stand 2nd tier suppliers: 6

— Product manufacturers: 2

— Usage: 1

— EoL management: 4

— Recyclers: 6

Organisations were categorised into six CSC stages based on their operations.
For example, if an organisation produced components for the PV module manu-
facturer, it was classified as a 1st and 2nd tier supplier. If there were three or more
stages between the organisation supplying components or material to PV module
manufacturer, the organisation was classified as a 3rd, 4", ... tier supplier.

A semi-structured interview guestionnaire was developed, and the questions
mainly focused on the managerial perception of barriers, enablers, and goals re-
garding CE deployment in the photovoltaics circular supply chain. The interview
questions are presented in Table 2.3.

Table 2.3. List of questions for semi-structured interviews (source: made by the author)

Questions
1. | What are your company goals in terms of circularity/circular economy?

Which approaches/concepts did your company already apply to realise the men-
tioned goals and visions?

3. | Do you have certain cooperation within the company supply chain in terms of CE?

4. | How do you ensure the proper information flow between your company and
other stakeholders in the supply chain regarding circularity?

5. | How do you ensure the proper traceability of products/materials?
6. | How do you gather data?

7. | How does data influence decision-making for your company’s circular strate-
gies?

The questions start with the interviewees’ goals related to CE, followed by
concepts and approaches that are already applied on the organisational level to
realise these objectives. The first two questions allow for initial insights into the
participants’ knowledge of CE practices and provide direction for the depth of the
interview. The following questions focus on cooperation and information ex-
change with relevant stakeholders in the supply chain for CE purposes. All inter-
views were voice recorded and transcribed for the subsequent content analy-
sis. For the data analysis coding, the MAXQDA program was used through a
bottom-up approach to identify codes for the constraints that organisations have
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related to CE performance. The bottom-up approach is a method where code cat-
egories are developed over time. Another existing method is top-down, where
code categories were already defined.

Most coded constraint categories were categorised. The categorisation de-
pended on the CSC stage to which the interviewed organisations were attributed
(Table 2.4). For example, from the usage stage, only three constraints were iden-
tified. Eight out of ten constraints were mentioned by recyclers. The categorisation
allows for determining if some stages will have issues in providing inputs for con-
straints that they probably have little to no knowledge about.

Table 2.4. Mapping of constraints based on circular supply chain stages that mentioned
them

Nr. | EU PV cir- | 3rd, 4th 1st and Product | Us- | EoL Recy-
cularity tier sup- | 2nd tier manu- age | manage- | clers
constraints | pliers suppliers | facturer ment

1. Unpredicta-
ble volumes
for reuse and
recycling

2. Insufficient
value chain
collabora-
tion

3. Insufficient
purity of re-
cyclates for
reinsertion
in PV pro-
duction

4, Uncoordi-
nated legis-
lation over
Europe

5. Hesitant ex-
change of
information

6. Insufficient
traceability
of PV mod-
ules
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End of Table 2.4

Nr. | EUPV cir- | 3rd, 4th 1st and Product | Us- | EoL Recy-
cularity tier sup- | 2nd tier manu- age | manage- | clers
constraints | pliers suppliers | facturer ment

7. Immature
recycling
methods of-
ten result in
downcycling

8. Illegal PV
module ex-
ports

9. Underdevel-
oped reverse
supply chain

10. | Conven-
tional PV re-
cycling is
not profita-
ble yet

Upstream CSC might have little knowledge of what happens at the end of the
supply chain and the other way around. The table also shows interconnections of
constraints, such as unpredictable volumes for reuse and recycling, which is rele-
vant for five out of six CSC stages.

2.3.2. Determination of criteria weights

Table 2.6 indicates a list of indicators that will be used as criteria with the TOPSIS
method to conduct decision-making. Alternatives and circular supply chain con-
straints that need to be prioritised from the CSC perspective to improve circularity
were identified. The criteria were weighted by the EU’s PV circular supply chain
experts. An expert is qualified and has a minimum of two years of work experi-
ence in the sustainability field of the EU’s PV circular supply chain and three
years of experience in the EU’s PV CSC.
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Table 2.5. List of experts that participated in the Delphi research (source: made by the
author)

No. | Position Organisation Experience in | Experience in PV
sustainability, | circular supply
years chain, years

A Consultant Consultancy 3 22

company

B Senior business | Research Institute 10 15

developer

C R&D profes- Research Institute 4 15

sional

D Deputy manag- | Research Institute 12 23

ing director

E Senior re- Research Institute 2 16

searcher

F Executive di- PV association 30 20

rector

The experts used the Delphi method to provide weights and comments for
each criterion. Table 2.5 shows the list of experts who participated in two rounds
of the Delphi study.

2.3.3. Collection of inputs to the indicators

The sub-chapter aimed to define how the inputs would be collected. Inputs to be
used for the indicators in the tool consist of organisations’ perceptions of the con-
straints affecting indicators. The inputs were collected using structured interviews.
Due to the need for a rather high level of effort to evaluate the constraints (ten
constraints against nine indicators result in 90 inputs), a simple method was cho-
sen by asking interviewees to rate them from 1 (low impact of the constraint on
the category) to 5 (high impact of the constraint on the indicator). Organisations
were asked minimally to provide inputs on the constraints that are categorised for
their CSC stage, a maximum of up to ten. For example, if an organisation was a
product manufacturer, they were requested to fill inputs for the 1st, 4th, 7th, 8th,
and 9th constraints (Table 2.4).

Table 2.6 provides the required inputs for the indicators. A rating system
from 1 (low impact) to 5 (high impact) was used. These inputs represent whether
the organisation can have a high impact on the organisation’s CE potential if the
constraint is lifted. Indicators allow for considering whether the organisation
would be willing to pour resources into lifting the constraint.
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Table 2.6. Type of inputs for the constraint indicators required from the organisations
from each CSC stage (source: made by the author)

Indicators

Inputs

1.1 Reuse content

1 (low impact) to 5 (high impact)

1.2 Recycled content

1 (low impact) to 5 (high impact)

1.3 Renewable content

1 (low impact) to 5 (high impact)

1.4 Lifetime of MCPs

1 (low impact) to 5 (high impact)

1.5 Reused content from outflow in MCPs

1 (low impact) to 5 (high impact)

1.6 Recycling rate of MCPs

1 (low impact) to 5 (high impact)

1.7 Recirculation of MCPs in the biologi-
cal cycle

1 (low impact) to 5 (high impact)

1.8 Constraint impact on the organisation's
CE potential

1 (low impact) to 5 (high impact)

1.9 Interest to invest resources in solving
the constraint

1 (low impact) to 5 (high impact)

Based on the ongoing EU Horizon project RETRIEVE analysis, up to 50 or-
ganisations in the EU are attributed to all the EU’s PV CSC stages except for
usage (RETRIEVE, 2024). The usage stage consists of thousands of organisations
that are mainly installing PV systems. Table 2.7 shows a summary of organisa-

tions from which inputs were collected.

Table 2.7. List of organisations interviewed for input collection

Circular sup- | Experience in Experience in PV
No. Position ply chain sustainability, circular supply
stage (1-6) years chain, years
A Sustainability 4 12 4
manager
B Application de- 2 4 23
veloper
C ESG coordinator | 3 3 18
D Managing direc- | 5 10 10
tor
E Product devel- 4 4 9
oper
F Managing direc- | 2 9 14
tor
G Sustainability 3 3 3
manager
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End of Table 2.7
Circular sup- | Experience in Experience in PV
No. | Position ply chain sustainability, circular supply
stage (1-6) years chain, years
H Director for stra- | 1 4 12
tegic marketing
J Sustainability 6 4 4
manager
K Director 5 11 11
L Operational man- | 6 4 4
ager
M R&D director 2 5 32

The collection of the inputs is followed after the identification of the con-
straints from the EU’s PV CSC organisations. There are six stages of the circular
supply chain. Thus, average scores for each involved stage were calculated. For
instance, there might be two or three organisations in the “product manufacturers
stage”. Their scores need to be averaged to receive the final score for that CSC
stage. This process was used for all CSC stages. The total scores in the decision
matrix consist of averages from all CSC stages.

‘ Research design ‘

2V

List of indicators H Literature review |

<

Sermi-structured interviews q A
List of constraints |-

with text coding

R o

L 4
The weighting of ] |
the indicators Delphi method H :
| 3
‘ Structured interviews |—> Inputs collection
v

‘ TOPSIS application |¢.

L

‘ List of EU PV CSC constraints |

Fig. 2.3. Selected methods and their outputs (source: made by the author)
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A summary of all selected methods is shown in Figure 2.3. Literature synthe-
sis was used to develop a list of indicators to measure circularity constraints. Semi-
structured interviews and text coding were selected to identify CE constraints that
are present in EU PV CSC organisations. The Delphi method was selected to de-
termine the relevance and weights of the indicators specifically for the EU’s PV
CSC. Structured interviews were selected to collect inputs from the EU’s PV CSC
organisations on how they perceive CE constraints affecting selected indicators.
The TOPSIS method was selected to conduct decision-making by considering
constraints, indicators, and inputs from the EU’s PV organisations.

All of the selected methods are either qualitative (literature synthesis, semi-
structured interviews, structured interviews, Delphi, TOPSIS) or mixed (text cod-
ing). The text coding method allows for data generation to analyse generated con-
straints and their relevance in terms of how many times specific constraints were
mentioned.

2.4. Conclusions of the Second Chapter

1. Indicators to assess circularity within the EU’s photovoltaic circular sup-
ply chain were chosen based on a literature review and ISO 59020 stand-
ard, with two additional indicators reflecting organisations’ motivation.
The indicator system is required to understand how the constraints are
affecting specific indicators of circularity. For this objective, the inputs
from CSC were required to understand how they perceive the constraint
impacts on circularity.

2. The TOPSIS method was used for decision-making to select the most rel-
evant constraint that limits the EU’s PV circularity. TOPSIS considers the
ideal situation and the worst ideal situation. This means that the experts
that provide weight for the indicators have a high impact on the final
score, as they influence final ranking by worst-case and best-case ranking
values. The EU’s PV CSC has a weak presence in the EU as most of the
chain is outside the EU. The method gives more power in decision-mak-
ing impacts to non-CSC industry experts who possess a high level of ex-
perience in the industry through PV associations or institutes that work
directly with the EU’s PV CSC.

3. The EU’s PV CSC constraints were identified using the text coding
method. Semi-structured interviews were used to interview 20 organisa-
tions. MAXQDA program transcripts of the interviews were coded to cat-
egorise circularity constraints, goals, and enablers. The methods combi-
nation of semi-structured interviews and transcript coding findings
revealed that almost all of the constraints were faced by more than two
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organisations from different CSC stages. This indicates a clear need for
CSC to cooperate in solving constraints, as multiple organisations can
benefit from lifting them.

Perception-based inputs were collected from the EU’s PV organisations.
The inputs were based on the evaluation of constraints on a scale from 1
(very low impact) to 5 (very high impact) using indicators. The method
findings revealed that the number of constraints and indicators must be
limited; otherwise, too many inputs are required from organisations to be
requested. Ten constraints and nine indicators produce 90 inputs that
should also be supported by qualitative reasoning as to why a specific
input was provided by the organisations. The interview duration of up to
one hour limited the method for incorporating the higher number of con-
straints. However, it was sufficient to tackle up to ten constraints to un-
derstand their impacts on the EU’s PV CSC performance.

The weighting of the indicators was done using the Delphi method. Ken-
dall’s W coefficient was used to determine if experts had an agreement on
the weights of the indicators. Six experts were used for the Delphi study.
The findings reveal that multiple rounds were required to align the under-
standing of each expert, specifically to clearly understand the proposed
indicators’ meaning and the complexity of the constraints.






Evaluation of the circularity
constraints in the European Union’s
photovoltaics supply chain

The third chapter covers the application of the tool with the proposed methods.
The chapter includes an analysis of the EU’s PV CSC and the identified con-
straints, enablers, and goals. The results of weighting indicators and input collec-
tions from CSC are presented. Furthermore, the TOPSIS results are discussed,
followed by theoretical and practical discussions. Lastly, the analysis of the the-
oretical framework model for the applied circular supply chain is discussed. The
main research findings of this Chapter are published in the author’s publication
(Radavicius et al., 2025).

3.1. Analysis of the European Union’s photovoltaics
circular supply chain

As a basis for the investigation of CE constraints, the EU’s PV circular supply

chain system must be determined first. The focus is only on silicon-based PV
modules that comprise more than 90% of the market share.

67
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The capability of each country to ensure renewable energy generation is one
of the priorities for successfully achieving climate neutrality. The European Com-
mission, which leads the European Solar PV Industry Alliance, set a goal to
achieve 30 GW of PV products (modules, cells, ingots and wafers, polysilicon,
and metallurgical grade silicon) produced in the EU by 2030 (PV Manufacturing
in Europe,... n.d.). The goal is also aligned with the Net Zero Industry Act (NZIA)
to achieve a sufficient PV module manufacturing capacity in the EU by 2030,
which would be sufficient to install at least 40% of the total EU’s PV modules
market with modules made in the EU. Figure 3.1 shows 2023 data on the EU’s
PV industry plans to increase production. It is expected that an additional 23 GW
to 8.3 GW of PV modules will be added, and the capacity for PV components
production will increase.

Europe is on the Move ...
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Fig. 3.1. Circular supply chain of the PV industry
(source: PV Manufacturing in Europe,... n.d.)

According to the latest data, instead of opening new factories, the EU’s PV
industry may have lost ~3 GW of PV module production capacity by 2024 (News-
letter Detail — Swiss Trade, n.d.; Exasun Files for Insolvency — Pv Magazine In-
ternational, n.d.; Meyer Burger to Discontinue PV Manufacturing in Germany,
n.d.; French PV Module Maker Systovi Goes into Liquidation — Pv Magazine In-
ternational, n.d.; Recom Subsidiary Sillia Closes Plant in France and Moves to
Italy — Pv Magazine International, n.d.; Solarwatt Shuts down Battery Factory in
Germany — Pv Magazine International, n.d.). Within the ingot production, Nor-
wegian Crystal also had to shut down, leaving ingot manufacturing capacity in the
EU only in the hands of the NorSun company (Insolvency of Norwegian Crystals
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Is a Blow to PV Supply in EU, n.d.). It is expected that the EU’s PV industry will
continue to decrease until EU actions, such as the NZIA, are implemented in each
EU member state. It could take years before NZIA generates results. Something
that the EU’s PV industry does not have compared to China is extensive subsidies
dedicated to their PV industry that floods the EU market (With Solar Industry in
Crisis, Europe in a Bind over Chinese Imports | Reuters, n.d.). The EU must find
a competitive advantage with made-in-EU PV products. Circularity can be one of
them.

Generally, the PV supply chain can be split into three phases: upstream, mid-
stream, and downstream (Frantzis et al., 2008; Garlet et al., 2020). While the PV
supply chain has often been considered only from material extraction to manufac-
turing and installation (Zhang & Gallagher, 2016), this paper takes a more holistic
approach that allows all circular strategies to be included. Consequently, the usage
phase, de-installation, and end-of-life steps are considered.

The PV upstream supply chain consists of the following steps to produce so-
lar cells: silica sand extraction, metallurgical silicon production, polysilicon pro-
duction, ingot moulding, and silicon wafer production. These supply chain steps
are characterised by high entry barriers and, thus, relatively low competition,
which is mainly due to the high initial capital requirements and the high energy
intensity combined with the need for specific technological equipment, consider-
able process know-how, and specialised labour (Zhang & Gallagher, 2016). Struc-
tural parts that complement the PV cell to an entire PV module encompass cables,
glass frames, back sheets, encapsulation films, ribbons, and junction boxes (Garlet
et al., 2020). Thereby, different tier suppliers, such as steel, aluminium, glass, and
plastic producers serve as providers for those component producers. The last steps
in the upstream supply chain, e.g., PV cell and module production, are character-
ised by highly efficient resource utilisation and comparatively low added value
per supply chain step, which, therefore, have low entry barriers and, consequently,
high competition. Generally, the massive concentration of production capacities
in these upstream supply chains in China deserves special mention. For example,
China accounts for 85.1% of cell production capacity or 96.8% of wafer produc-
tion capacity, with one single wafer production facility responsible for 14% of
global production capacity (IEA, 2022).

In the downstream supply chain, PV modules are completed with the balance
of system (BOS) components to form a PV system. BOS components, which are
produced in a side-stream supply chain, consist of a fastening structure, inverter,
string box, and meter (Garlet et al., 2020). First, the PV system distribution and
integration take part, where the BOS components are combined with the PV mod-
ule, and then the PV system is installed. In this downstream supply chain step of
PV installation, there are several ancillary services, such as project management,
financing, and insurance. Next, PV system operation and maintenance follow,
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which is compared to the other supply chain steps in the downstream supply chain.
It is not a one-shot step but rather ongoing over the whole life cycle of a PV sys-
tem. It encompasses energy purchases and sales based on under- and overproduc-
tion, as well as monitoring activities as auxiliary services (Frantzis et al., 2008;
Schoettl & Lehmann-Ortega, 2011). The further step is PV system deactivation
and dismantling once the PV system reaches the end of its first life cycle, where
BOS components are again separately treated in side-stream supply chains.

Along the downstream supply chain, PV modules are collected, tested for
reuse, recycled if not applicable for a second life and finally, the material is re-
covered. Once PV modules are uninstalled, they are collected, sorted, transported,
and stored under the Waste Electrical and Electronic Equipment (WEEE) di-
rective (Mahmoudi et al., 2021). PV modules that are potentially suitable for reuse
are then tested and, if suitable for a second lifetime, returned to the usage stage
for resale and reinstallation (Tsanakas et al., 2020). The PV modules that reach
the next phase are recycled, and their materials are recovered in the last two steps
of the downstream supply chain. Four phases can be distinguished: (1) the struc-
tural parts are disassembled and separately recycled, and materials such as alu-
minium and copper are recovered, (2) the laminated structure of the PV module is
opened using thermal, chemical, or mechanical processes depending on the target
material, (3) the different materials are sorted, grouped, and processed in purifi-
cation or extraction steps, and (4) the different material groups undergo refining
treatments to obtain high-purity end materials (Deng et al., 2022). The material
consumption of one standard wafer-based crystalline silicon (c-Si) module per 1
megawatt (MW) (1 MW of PV modules is ~3000 PV modules) is estimated to be
46.4 t/MW of glass, 8.6 /MW of plastic, 7.5 /MW of aluminium, 4.6 /MW of
copper, 4 /MW of silicon and 0.02 t/MW of silver in a high demand scenario
(Bronshtein et al., 2018; Carrara et al., 2020; Jean et al., 2015).

Figure 3.2 summarises the representation of PV CSCin. It starts with the ex-
traction and preparation of raw materials, which are used to produce components
and the final manufacturing of the PV module. Then, it is followed by usage, EoL
management, and recycling.

The material consumption involves PV system mounting parts as well. The
high demand for materials and usage of silver and copper challenges the sustain-
able usage of PV technology. Considering that it is expected that in the year 2030,
4 terawatts (TW) of total worldwide capacity (1 TW =1 000 000 MW), the mate-
rial consumption will be massive in the PV industry worldwide. The downstream
supply chain consists of PV deployment (installation, PV project development),
reuse, and recycling. The challenges of circularity improvement for the EU’s so-
lar PV industry are:

— Production of components that are required to generate RE is concen-

trated outside the EU.
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— High material consumption, especially for silver and copper.
— Underdeveloped EoL processes.

Main raw materials
—L
Silicon Steel Aluminium Plastics

PV module components
v
Cell Cable Frame Silicone Junction box PV Glass

PV module production
T
Glass-glass PV modules Glass-backsheet PV modules

Installation & usage

— =
Residential systems Commercial systems Utility-scale systems

EoL management

=~
Maintenance | Reuse & repair Collection of EoL PV modules

Recycling

Downcycm High-value recycling

Fig. 3.2. Circular supply chain of PV industry (source: composed by the author)

Various strategies are available to address the challenges. Reusing old PV
modules in new systems allows the extension of PV modules’ lifetime at the cost
of reduced efficiency. Repairing PV modules improves their longevity. Recycling
offers material extraction from old PV modules. However, currently, most of the
PV modules are exported for reuse. There are no standards to classify whether the
solar module is safe or economically viable for reuse (Deutsche Umwelthilfe,
2021). Unclear legislation, difficulties in sourcing potential modules for reuse
from small PV systems, and other challenges hinder the reusability potential
(IMEC, 2021). The dominant mechanical recycling approach, which lowers the
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quality of recycled materials, and the lack of standards for repairing, further hin-
ders circularity (Tsanakas et al., 2020). Other CE strategies, such as reduction of
materials usage or design for circularity, could improve the circularity of the EU’s
PV industry.

Considering the proposed CE indicators for measuring circularity in circular
supply chains, the current situation in the EU’s PV CSC can be analysed. At the
moment, there is no reuse content in PV modules as it is difficult to reuse glass,
aluminium frames or junction boxes from old PV modules. Due to the fast techno-
logical progress of the PV industry, older components do not meet the current re-
quirements for quality, dimension, efficiency, etc. What is reused is the whole PV
module, which still has around 85% or more efficiency after 2030 years. Recycled
content, up to 30%, is present in PV glass if it is made in the EU. The EU regulations
demand glass producers to use 30% of recycled glass. No renewable content is pre-
sent in PV modules. Some prototypes contain PV module frames made from wood,
but due to PV module longevity, all components need to be lasting; thus, renewable
content is not present in PV modules. The lifetime of glass-backsheet PV modules
is around 25 years, with glass—glass having 30 or more years. EoL PV module glass,
if cut cleanly, can be reused in other industries. Other components are not yet reused.
The recycling rate of a PV module is around 95%, but in terms of materials quality
and extraction of rare metals, such as silver, there is a long way to go. Only metal-
lurgical grade silicon is recycled at the moment, while silver and other materials are
lost. The plastics are usually burnt or disposed of. Most recycling facilities, that are
not dedicated to recycling PV modules, recover only aluminium, cables, and glass,
with the rest of the materials going to landfills. None of the materials or components
can be recirculated back into the biological cycle as some of those materials are not
biodegradable.

The PV supply chain and its relevance for circularity improvement demon-
strate the need for analysis and potential improvement of circularity processes in
the EU’s PV industry. The PV industry has complex products in terms of technical
characteristics, multiple layers in the products and components, etc., and with sup-
ply chains across multiple countries, mainly outside the EU, it is a challenge for
CE solutions.

3.2. Results of circular economy constraints,
enablers and goals of the European Union’s
photovoltaics circular supply chain

The following sub-chapter discuss the results of content coding from interviewee
transcripts from 20 EU’s photovoltaic circular supply chain organisations. Each
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sub-chapter discusses the following results: constraints, enablers, goals, and re-
sults comparison to other researchers.

3.2.1. Circular economy constraints of the European Union’s
photovoltaics circular supply chain

MAXQDA was used to code relevant sentences related to CE constraints, and the
result was 20 code categories and a total of 106 codes. For a specific code cate-
gory, no more than one code was taken from each interview. Table 3.1 shows the
list of CE constraint code categories, the number of codes, and the number of
circular supply chain stages in the category.

Table 3.1. List of identified constraints in EU PV industry CSC (source: made by the
author)

Total A_mount of
CE Constraints categories number different CSC
of codes stages partici-
pation (1 to 6)
1. Unpredictable volumes for reuse and recycling 11 5
2. Insufficient value chain collaboration 8 5
3. Insuf_ficient purity of recyclates for reinsertion in PV 7 3
production
4. Uncoordinated legislation over Europe 7 4
5. Hesitant exchange of information 6 3
6. Insufficient traceability of PV modules 6 3
7. Immatu_re recycling methods, often resulting in 6 3
downcycling
8. lllegal PV module exports 6 3
9. Underdeveloped reverse supply chain 6 3
10. Conventional PV recycling not profitable yet 6 4
1_1. Changing materials inserted in PV production over 5 4
time
12. Low-risl_< appetite for investments in industrial- 5 5
scale recycling
13. Underdeveloped regulatory frameworks 4 3
14. Cheap virgin raw materials 4 2
15. Missing PV module design for circularity 4 2
16. Poor viability of circular business models 4 2
17. Strong competition from non-European countries 3 3
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End of Table 3.1

Total Amount of dif-
. . ferent CSC
CE Constraints categories number -
of codes stages partici-
pation (1 to 6)
18. Difficult access to external byproducts 3 2
19. Underdeveloped secondary material markets 3 2
20. Fluctuating supply of byproducts 1 1

The most mentioned identified CE constraints are:
Unpredictable volumes for reuse and recycling;
Insufficient value chain collaboration;
Insufficient purity of recyclates for reinsertion in PV production;
Uncoordinated legislation over Europe;
Hesitant exchange of information;
Insufficient traceability of PV modules;
Immature recycling methods, often resulting in downcycling;
Illegal PV module exports;
Underdeveloped reverse supply chain;
10 Conventional PV recycling is not profitable yet.

Further, the research goal is to conduct structured interviews with EU PV
organisations about how identified CE constraints affect indicators. It is necessary
to ensure sufficient time for interviews. Assuming one hour as a limit during in-
terviews, the maximum amount of constraints that could be discussed is ten, as
with nine indicators, a total of 90 inputs are required. If more input is required,
likely, a 1-hour interview would not be sufficient. Thus, further in-depth analysis
of only the top ten identified constraints will be discussed and used in further re-
search.

©CONORWDN

Unpredictable volumes for reuse and recycling

The most noticeable constraint for the EU’s photovoltaic circular supply chain is
the unpredictable volumes for reuse and recycling. Eleven out of 20 interviewed
organisations face the constraint. The constraint was reported by five out of six
CSC stages. The first stage of PV CSC interviewee (from organisation G) stated
that ““...waste stream will of course increase exponentially as older modules are
changed out fading. But we won'’t see the crazy numbers on let’s say 5-10 years,
but it will come, and it will come fast... ”. Materials producers are aware that PV
modules’ lifetime is very long, around 30 years. Thus, their waste in large num-
bers will only be present later. Components producers also notice a value in the
waste of PV modules, interviewee D (CSC stage 2) stated, “at the moment, there
just isn’t enough modules being collected”. Additionally, interviewee B (CSC
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stage 2) suggested that “it will be very important how to deal with these big vol-
umes of modules . Both component producers see the potential of using EoL solar
modules, but it is not yet clear in terms of volumes when recycling will kick off,
so component producers and material producers could use some of those recycled
materials. Product manufacturer representative (organisation 1, CSC stage 3)
pointed out the issue in PV module recycling, stating that “...you have 5000 to
10 000 tons of modules per year”. A PV module recycler (organisation U, CSC
stage 6) confirmed that “...(PV recycling) needs large volumes...”. Another in-
terviewee (recycling company) stated, “Unfortunately, I can’t operate (2 000 tons
of PV waste) with that for more than a year ”. With unknown waste streams, it is
difficult for recyclers to conduct their business.

An interviewee from PV module waste collector (organisation P, CSC stage
5) highlighted one of the main issues “...at the moment, 1% of PV modules sold
are disposed of”. The issue lies in the longevity of PV modules, which means the
waste stream will happen only in the future. But that is not all; the same inter-
viewee additionally mentioned that “...not even one park (PV system park) is dis-
posed of per year because they all either go abroad or are disposed of illegally”.
Another interviewee also suspected of high illegal PV waste treatment (organisa-
tion O, CSC stage 5) “it was predicted that in 2020, Germany will have 100 000
tons of solar module waste. However, scarcely 7000 tons are reported”’. PV waste
is now exported abroad or handled illegally, whereas EU PV recyclers cannot get
sufficient amounts of PV waste. An interviewee from an organisation that reuses
PV modules (organisation N, CSC stage 5) confirmed the previous organisation’s
statement on illegal PV treatment “...then also there are those who steal the prod-
uct from the recycler, so to speak”. When PV waste occurs scarcely across the
EU, it is managed inappropriately, as interviewees suggest.

The lack of prediction of PV waste volumes for reuse and recycling hinders
circularity in the EU. The current situation is that organisations are handling PV
waste illegally or not ensuring that it can be reused or at least properly recycled.
Without understanding the volumes, recyclers are not able to start their business
as a sufficient and stable amount of PV waste is required.

Insufficient value chain collaboration

The lack of supply chain collaboration is visible in the five stages of the CSC.
Interviewee R (CSC stage 6) suggested that “companies don’t work together. You
see, you have upstream, they have the production cells, downstream (has) end
users. Everybody has a different target (in) his or her life. So, a harmonised goal
is missing completely”. Agreement on solving specific issues is lacking. Inter-
viewee L (CSC stage 5) implied that there is a huge gap in the understanding of
the EoL management and recycling in the upstream supply chain: “the solar in-
dustry has no clue how recycling and waste business work and how people make
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their money and how it comes that even if there is a little bit of seven milligrams
of silver in the solar panel that we do not receive today money for that solar
panel”. The lack of understanding about the challenges organisations face limits
the CSC cooperation opportunities. The waste of one organisation within or out-
side the CSC can be a source of secondary materials for another organisation.
Interviewee G (CSC stage 1) describes the mentioned issue in the following way:
“it’s always difficult when you are starting to take a byproduct from somebody s
process and make it your main raw material. ...there’s always a big challenge
there because they 're used to handling this as a low-value byproduct. But we have
to standardise their process on how to take it out. I¢’s not a lot we need to do, but
we need to make the customer aware of the fact that this is more valuable than
they think”. While recycling is already happening, although mostly downcycling
(loss of quality of the materials), another issue is the demand for those materials.
Interviewee J (CSC stage 4) suggested that “...so we have to have a market that
addresses the value of those components (of the solar module) and make them
reusable or take that value out and minimise the waste placed. So that we can
reuse them as a source for the PV industry but also minimise the waste”. The issue
is related to a lack of cooperation between the organisations within the supply
chain. Interviewee B (CSC stage 2) supports the issue as “They do not come. They
(PV module producers) never contacted us (component producer) asking what
can we do with the part of the (component). | do not know how they handle their
recycling. They don’t ask us there ... it’s not a discussion, not once in a year”. The
lack of cooperation within the supply chain is a hurdle for multiple organisations
within the CSC.

With the currently small amount of recycling, there is no motivation for the
EU’s CSC to communicate and find solutions. Organisations at each CSC stage
have their goals, and there is no alignment made in terms of CE for specific targets
to achieve as a whole industry. Considering that PV waste will be exponential in
the next decade, it is a risky endeavour to wait for those volumes to appear and
then work as an industry to solve it. One of the risks is that illegal exports of PV
module waste can grow and prohibit the expansion of PV waste recycling. An-
other risk is that upstream CSC will keep sending PV modules to the market with-
out considering what they could do to improve repairability, recyclability, etc.
Thus, the lack of collaboration can damage the industry’s CE.

Insufficient purity of recyclates for reinsertion in the PV production

After recycling, materials fall below their quality requirements for reinsertion
back into the upstream PV supply chain. Interviewee A (CSC stage 2) faced this
issue: “So we can’t go anywhere, and the main limitation at the moment is the
price. And on the other hand, the quality of the available (material) or the avail-
ability of the (material) in the quality that we need, right quality”. The reduced
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quality of the materials is not sufficient for the upstream PV industry, but it can
be used for other industries. Interviewee S (CSC stage 6) suggested the following:
“Yes, the purity is still low. They do not go back to PV but for other applications.
And that’s not an issue at all. Well, so you don’t necessarily have to close the
circles, but it’s enough to find another use”. Another PV recycler, interviewee R
(CSC stage 6), stated, “The problem of PV modules is related to the waste stream,
there is antimony, it’s not allowed for production of new flat glass”. Specific ma-
terials in PV waste prohibit recyclers from reintroducing them back in the materi-
als flows. Components producer’s representative E (CSC stage 2) mentioned that
“...after quality inspection (of recycled materials), we see that they are not suita-
ble for PV for reusing in PV cell production”. The quality requirements are well
above what the recycling industry can offer. The highest quality must be reached
for different components of PV waste as interviewee M (CSC stage 6) suggested
“...to bring highest quality as possible for all the different components to get high-
quality silicon, to separate silver, to get high-quality glass that can be reused in
the flat glass industry”. The recycling organisation’s representative pointed out a
difficulty in glass recycling “I think the main challenges are the glass. Require-
ments of glass manufacturers are really high and also high for silicon and silver”.
Interviewee D (CSC stage 2) highlighted another issue: “But if you are going to
get material to last for more than 25 years, it’s got to be same as virgin material
(after recycling)”. The PV industry improves materials quality every year, and
when that material attempts to re-enter material flow after 25 or more years, it
becomes difficult to ensure that it meets today’s quality standards for materials.

While the quality requirements for the PV industry are strict, the issue of the
recyclates’ quality is of high importance if the EU’s PV CSC wants to improve
performance in CE. Achieving high-quality recycled materials requires the col-
laboration of the whole CSC. In addition to that legislation, other forces should
pressure or motivate the industry to work on CE issues.

Uncoordinated legislation over Europe

Each EU member state has its regulations on how to handle waste, including that
from PV modules. The common issue is that there is no clear responsibility trans-
lated as who is responsible for the recycling of PV modules, as interviewee M
(CSC stage 6) suggested, “But the PV system operators do not know that they are
responsible for recycling”. Besides the unclarity of who is responsible for what,
different PV modules are available on the market. The regulatory perspective of-
fers insufficient clarity on how to process specific modules. Interviewee F (CSC
stage 2) described the issue in the following way: “So how easy is it to recycle,
how the modules (perovskite modules) be classified in the waste stream if they are
not applicable for using the current standard (of recycling), what will be the clas-
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sification?” Tens of thousands of different PV modules are available on the mar-
ket, and without proper sorting, it is difficult to implement high-value recycling.
Another lack of clarity in terms of legislation is how to compare the life cycle
assessment of different PV modules. Interviewee | (CSC stage 3) states that “there
is only one (low carbon third-party LCA assessment standard) test used in the
French market, they calculate the footprint without the aluminium”. Another in-
terviewee (organisation R, CSC stage 6) spotted the same issue “...we need a com-
mon language in terms of LCA. So we have a baseline, and we know that we are
comparing”. It is difficult for the downstream supply chain to purchase low CO;
PV modules with a lack of LCA standards to compare them.

Issues occur as each EU state handles waste collection in their way. Inter-
viewee L (CSC stage 5) pointed out, “it’s only in France and Belgium that we are
present with accreditation or at least with approval by the government. Let’s put
it like this: in Flanders, it is a license; in Belgium, it’s more of an approval written
down in cooperation between government and industry. In other countries, the
Netherlands, we are pushed away from the market because the government de-
cided to only have one thick system in place for all electronic equipment”. Some
countries have general organisations that collect various waste, which limits the
potential to improve sorting. Other countries have only one waste collector organ-
isation, which gives no motivation for the organisation to improve EoL manage-
ment, especially since those organisations that collect waste cannot be profit-
based companies. Another waste collector representative (organisation P, CSC 5)
stated the following: ““...manufacturers are only complying with the legal require-
ments for the laws. For a manufacturer, of course, it’s not so nice to have a used
car market for your product because they (manufacturers) say anyone who might
have a used module is a potential not buyer of a new module”. There is a lack of
pressure or motivation for organisations to ensure the reusability of PV modules.
When the components producer’s representative (organisation B, CSC stage 2)
was asked whether they felt regulatory pressure to increase sustainability in their
company, the interviewee answered, “We don'’t, we do not feel or see any pressure
to be honest”. There is a lack of incentives for the EU’s PV CSC to improve cir-
cularity with current regulations.

Uncoordinated legislation in the EU hampers circularity. With the current
lack of PV waste accumulation in the whole EU, the recyclers cannot start their
activities. It might not happen soon when sufficient waste arrives at recyclers as
the waste is exported abroad or managed illegally. Higher clarity and coordination
of EU states on regulation are required; otherwise, mishandling of PV waste for
recycling or reuse will not disappear on its own.
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Hesitant exchange of information

Information sharing and access to it are an important part of establishing CSC.
Interviewee J (CSC stage 2) pointed out that “there is very little available data
like environmental product declarations of LCA. Currently, that is a challenge to
be more transparent”. There is a lack of motivation to share information with
some CSC organisations. Interviewee E (CSC stage 2) implied that “Not always
we can get all information which we need. A lot of information is already available
in the material data sheets, they are forced to issue it”. Organisations are forced
to share some specific information, but not all of the information that would pos-
itively impact CE processes in CSC. Interviewee G (CSC stage 1), which uses the
production waste of other organisations in the EU’s PV CSC as a source of sec-
ondary materials, is facing the following issue: “IP intelligent is influencing this
(information sharing) because if they (suppliers of production waste) tell us what
kind of supporting plate they use (they need to know it to understand quality of
production waste), they might be thinking that we give this information to their
competitors”. There is no motivation to disclose information that could improve
circularity. Interviewee F (CSC stage 2) suggested that “The reason (for not shar-
ing information within CSC) is because the components to the very end of details
isyour IP”.”...I don’t think disclosing everything is a good approach to take be-
cause many manufacturers are already against and | understand why, we are fully
supportive of any initiatives that are heading towards a better management of any
assistance, but that is the level of disclosure has to be managed carefully”. Recy-
clers would benefit from full product disclosure on what products are made of, but
the manufacturers are careful of such an approach. Interviewee L (CSC stage 5)
attempted to collect relevant data for CE: “We did it in first years. Collecting data
on brands, how old modules are, where they come from, the origin of failure”. But
because there was no regulatory pressure for it, they ceased to collect such infor-
mation. It is difficult to use CE-related information to improve circularity when
the data is of poor quality or if data is lacking.

Hesitant change of information within EU PV CSC is one of the CE con-
straints. For proper EoL management, improve the design of products for circu-
larity, etc., data is essential. When there is no motivation or pressure to exchange
information, organisations do not commit to it.

Insufficient traceability of photovoltaic modules

The exchange of information is lacking within the EU’s PV CSC. One of the spe-
cific applications for information sharing is to implement traceability of PV mod-
ules. A representative E of a PV module components organisation (CSC 2) stated
that “data which could come from the recycler or the user of our materials could
help, of course, to make design changes”. Interviewee (CSC 5) suggested that “we
need to know where we have to pick (PV modules), where we collect them. So this
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tracking and tracing, this information we need to have”. While the benefits of
traceability are clear, manufacturers are not obliged to implement traceability so-
lutions. Recyclers need a standard that most PV modules would follow in terms
of traceability. Currently, the process to assess what PV modules are on the field
is, as interviewee O said, “documents from installation or you take a quick picture
of the nameplate”. The nameplate or installation documents do not specify what
materials are inside the module. Considering the PV module’s longevity, it is very
likely that even if you know the original manufacturer, the company might cease
to exist as 20 or 30 years can pass before the PV module needs to be handled for
EoL. Interviewee M (CSC stage 6) points out that “currently, it seems to be hard
to get access to this (product composition) information because I'm not even sure
that the PV module manufacturers know exactly the silver content in the module
or silver paste composition”. The issue of traceability starts at the beginning of
CSC and starts with the materials suppliers. If the component or product manu-
facturers do not know the composition, then there is no hope that recyclers will
know it.

To implement traceability of information on PV modules, all CSC organisa-
tions need to participate. It is unlikely that organisations will create their standards
on how to do it as the costs to implement it usually will be at upstream CSC, while
the benefits will reap downstream CSC. Thus, upstream CSC has little to no mo-
tivation to do it.

Immature recycling methods often result in downcycling

The downcycling recycling approach results in lower-quality recycled materials.
The low quality of materials leads to difficulties in reinserting them back as sec-
ondary materials to their original supply chains or in other industries. Interviewee
L (CSC stage 5) suggested that “a recycler tries to maximise the value of the ma-
terials. And he (recycler) also knows that he will have cost with some materials
he has recovered. So, at the end of the day, he makes sure that, yeah, net balance,
he has still somewhere to profit. And if he’s still able to give something back 10 us
because we deliver him for a year, I don’t know, 50,000 tonnes, then we might
have a chance that he will give us a bit of money back and this will maybe then
lower the cost of the recycling fee”. Recyclers are aiming to maximise profit, as
interviewee P (CSC stage 5) suggested “there are also disposers, for example the
scrap metal dealers, who have a very high demand for scrap metal, who simply
take these PV modules and forcibly remove the aluminium frames to make this
aluminium money. They don’t care about the module, they don’t care about the
silicon, they don’t care about the glass. They just want to have the precious alu-
minium frame”. The recyclers’ goal of maximising profit leads to the issues of
other CSC parts, where their goal is to receive secondary materials at a specific
level of quality. For recyclers, it is difficult to process PV modules as interviewee
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D (CSC stage 2) stated, “...solar module is like a sandwich that has layer by layer
structure which is glued very strongly”. The sandwich-like structure of the PV
module is not something that can be recycled with simple processes. Interviewee
S (CSC stage 6) highlighted one of the issues related to poor recycling processes:
“Just take silicon modules, glass is recycled, aluminium cables too. Then, it is
sorted immediately. Nobody knows what happens to the rest (the rest of the mate-
rials). With 5000 tons of PV modules recycled, 50 tons of plastic, silicon and silver
is thrown away (with current recycling methods)”. Even though the glass is re-
covered, it is difficult to reintroduce it, as interviewee Q stated (CSC stage 6),
“Unfortunately, we are not yet able to put it back (recycled PV module materials)
into high-grade or higher-grade applications, such as flat glass”. The lack of re-
cycling processes limits materials flow back into the same or other industries.

On one hand, it is recyclers who should be responsible for the product’s re-
cyclability; they can only do what is possible in their hands. Without knowing
what is inside the PV module or additional sorting done by collectors, they are
limited in their actions. Especially if considering the lack of waste for recycling
as it is currently managed inappropriately (shipped abroad or managed illegally).

lllegal end-of-life photovoltaic module exports

Illegal EoL PV module exports were mentioned in previous constraints as a re-
appearing hurdle for CE. The illegal exports of EoL PV modules block the poten-
tial for PV modules’ reuse and recycling activities. The significance of the issue
was described by interviewee P (CSC stage 5): “l would say from the gut that at
the moment we have the problem that 90% of all old PV modules go abroad. And
of that, probably another 90% by not quite legal means”. The exports of EoL PV
modules outside the EU pose the risk of losing materials and dumping the waste
in another continent. Interviewee N (CSC stage 5) described the risk in the fol-
lowing manner: “So, the whole topic of talking (PV module exports), we have to
look closely at what we do, that (in) Africa like other electronics things becomes
a dump. So, we need just rules, especially for big energy suppliers. There, | also
wanted to try and look at their policy, which can be asked for available chains.
And around it goes on the serial number at the basis tracking. Which one? Where
in Africa? With whom does the module end up, and with which serial number?
There are different interests. But there, we have to find rules between Europe and
the real needs in Africa”. Additionally, the interviewee stated, “In Germany and
Europe, there are now a lot of colleagues of Arab origin who run across the mar-
ket and buy containers filled with modules (EoL PV modules)”. The illegal exports
of EoL PV modules outside the country and the EU decreased the potential of
using EoL PV modules for reuse applications inside the EU and in recycling fa-
cilities to generate secondary materials.
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Other organisations also mentioned the issue of shipping EoL PV modules to
Africa or Asia. There is a high leakage of materials, such as aluminium, silver,
and glass. With increasing illegal shipments of EoL PV modules, recyclers in the
EU will not be able to get sufficient amounts of waste for their operations. Fur-
thermore, without launching recycling equipment, there will be more delays in
understanding what issues PV modules contain and finding solutions to improve
recyclability.

Underdeveloped reverse supply chain

A reverse supply chain refers to the processes of managing end-of-life materials,
components, and products for circularity purposes, whether it is to repair or recy-
cle a product. PV CSC lacks attention to the reverse supply chain, as one inter-
viewee T (CSC stage 6) mentioned: “When some company wants to dismantle a
PV system, they ask us if we can utilise it if we have enough capacity; we visit
these panels to check if its good (whether it is not deformed). Because our ma-
chines, of course, are mechanical, that means we need to have a flat module with-
out deformation”. It is important to properly manage EoL PV modules to improve
recyclability. Another issue that recyclers face was mentioned by interviewee M
(CSC stage 6): “The way the modules are packed on the pallets must not bring
any breakage during the transportation. We saw in France that 15-20% of the
modules that we stored on our site were broken”. The inappropriate handling of
EoL PV modules also hinders reusability of PV modules, as said by interviewee
O (CSC stage 5), “It is often the case that everything, that is 99% of all modules
that come through the recycling yards, unfortunately, been treated so badly”. It is
less likely for PV module to be reused if it is damaged. It is also important to know
what is inside the PV module, as interviewee P (CSC stage 5) stated, “Can you
run your fingernail over the back foil and see if it has phosphorous? I can’t ask
for something like that. That is only found out in the disposal plant”. Organisations
that inspect PV modules for reusability have little information on what is inside
the PV module.

Limited progress can be made in CE if the products are not sorted, handled
and managed carefully. Identification of these constraints is required to know the
hurdles so that they can be addressed by policy, standards or other means.

Conventional photovoltaic recycling is not profitable yet

One approach to CE in CSCs is to leave it in business hands if there is profit from
making circular actions. In the EU’s PV CSC case, it is yet not profitable to recy-
cle PV modules, as interviewee C (CSC stage 2) stated, “If we take recycled ma-
terial and put it in our materials, for the moment, I think the cost difference would
be like 20%”. Recyclers are required to improve scalability and processes to de-



3. EVALUATION OF THE CIRCULARITY CONSTRAINTS IN... 83

crease costs per recycled material. Another interviewee (D, CSC stage 2) men-
tioned that “It’s not the focus of the PV recycling industry (the plastics in the PV
module). So that’s a financial problem or just a scarcity of resources problem for
the growth of the industry”. Plastics value is too low for recyclers to make money.
Thus, they choose not to invest resources in properly recycling plastics within PV
modules. With unclear regulations of who and how should pay for recycling, there
are gate fees at the recycling organisations, as interviewee L (CSC stage 5) said,
“When you enter the recycling or waste treatment plants, you have a fee to pay
today in most of the cases”. Recyclers face issues with dopants in PV modules.
Dopants (usually Phosphorus or Boron) are present by weight only below
~0.0001%. Nevertheless, as interviewee R (CSC stage 6) stated, “...we don’t go
beyond metallurgical grade silicon recycling quality mainly because of the doping
(in the silicon by manufacturers) because of the cost issue (in purifying/removing
dopants)”. Even an incredibly small amount of materials that are present in PV
modules hinders recyclability.

Other organisations stated that it costs around EUR 120 per ton of PV waste
to recycle PV modules. Additionally, they mention that very little is paid upfront
when selling PV modules for recycling in the future. To ensure proper PV module
recycling, the recyclers need to have a business case for it. If not, there should be
policy instruments to support recyclers, increase the price for recycling when a
new PV module enters the market, and improve recycling technologies or other
solutions.

Mostly mentioned CE constraints within the EU’s PV CSC were discussed.
Each of them is interconnected, especially the illegal management of EoL PV
waste in the EU. The rest of the constraints will be discussed further.

Changing materials inserted in photovoltaic production over time

The EoL management benefits from knowing the material composition of a solar
module. The reality is that it is difficult to ensure the traceability of materials’
contents when they are always changing. One organisation mentioned that it might
be no issue to recycle or use a component if its lifetime is around ten years, as-
suming it is clean and not damaged. And if it is older, it is a question of whether
the recycled materials can be used without the need for additional purification.
Different plastics in a PV module that glue the PV module components are very
different. Recyclers mention it as one of the issues: if they do not know what plas-
tic it is, they cannot attempt to recycle PV modules properly. For other recyclers
that use pyrolysis-based recycling (in very high temperatures, adhesion is de-
stroyed), it does not matter what materials are inside. However, for high-value
recycling, it is always beneficial to know what is inside the product.
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Low risk appetite for investments in industrial-scale recycling

The meaning of this constraint is that investors are not looking to pour their re-
sources into PV module recycling. Interviewed organisations stated one reason:
the EU’s PV industry had a crisis a decade ago, and the result was that the industry
moved to Asia (PV manufacturers). Small recyclers with innovative recycling pro-
cesses face issues related to the required high investment in personnel and the
overall management of the recycling plant. Even receiving a licence for building
a recycling plant can take a couple of years with lots of time investment in pre-
paring documents.

Underdeveloped regulatory frameworks

Interviewed organisations mentioned issues in Waste Electrical and Electronic
Equipment (WEEE) directives and similar frameworks that address circularity re-
garding PV modules. One of the issues is that the directives’ goal for PV modules
is 80% recyclability. As two of the recyclers stated, the PV module in itself con-
tains more than 80% glass, which is easily recyclable with any shredding machine.
The problem lies in focusing on the precious materials, such as silver or high-
purity silicon.

Cheap virgin raw materials

Component producers suggest that there is no incentive for recycling PV modules
when virgin raw materials, such as very cheap silicon, can be produced easily
from abundant silica in the world. Additionally, the logistical costs of EoL waste
treatment make secondary material more expensive than virgin raw material.

Missing photovoltaic module design for circularity

The sandwich structure of the PV module is not something that can be dismantled
easily. The recycler mentioned that the back sheet at the back of the PV module
contains different types of polymers. It is a problem, as each PV module’s back
sheet composition is different. There is a lack of design to standardise or simplify
the PV module’s structure for easier recycling. A components producer pointed
out that if a product is designed to last 25 or more years, it cannot be expected to
be recycled using simple means, such as mechanical recycling. A materials pro-
ducer engaged in the production of a component of a PV module stated that they
have no point in making any design for circularity as their material will be used
for a component, which will be further assembled with other components to a final
product, a PV module. Changes introduced by a materials producer would have
no meaning if other organisations did not make any changes.
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Poor viability of circular business models

Circular business models aim to deliver value to customers with circularity incor-
porated, such as ensuring proper collection, repair, longevity, reusability, etc. The
organisation mentioned that it is difficult to start the reuse of EoL PV modules
when a warranty cannot be provided and there are no methods to assess the re-
maining longevity of the PV modules. Component producers have no motivation
to make their components reusable or easily recyclable. They do not get feedback
from PV producers on what they could improve as they have little to no warranty
claims coming to them. A claim is when a customer contacts a product manufac-
turer due to a defect in the product. Additionally, these claims do not reach com-
ponent producers; thus, no feedback is received. And since some components’
economic value is low, they state that there is no motivation to make the compo-
nents or materials reusable or recyclable.

Strong competition from non-European countries

Material producers mentioned that due to high competition from China, it is dif-
ficult to reintroduce secondary materials back into the PV industry. The high dif-
ference in material prices due to the usage of secondary materials compared with
virgin raw materials is not an attractive offer for PV component producers. EoL
management usually involves higher labour costs compared to manufacturing. In
this case, the organisation indicated that with EU labour costs, it is difficult to
ensure circularity at the EoL stage.

Difficult access to external byproducts

The byproducts mean production waste of other organisations. Materials and com-
ponents producers of the EU’s PV CSC can process some of the waste in their
operations. The issue lies in the lack of it, and in some cases, the production waste
owners conduct auctions. The auctions mean that the waste will go to the highest
bidder. Such an approach is not possible for materials or component producers as
they require a stable supply of waste if they want to process it and sell it to clients
not in batches but in stable quantities.

Underdeveloped secondary materials markets

Materials producers mentioned that they can use other producers’ waste as a sec-
ondary material source. The problem is that there is no appropriate management
on handling that waste as the materials producers do not know specifics about the
waste. Characterisation of waste is required; otherwise, materials producers might
end up manufacturing low-quality products. Component manufacturers are open
to using secondary materials; the issue is with the lack of testing of recycled ma-
terials, as, for example, 20-year-old PV glass will have very different glass content
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compared to modern glass cullets. Thus, glass manufacturers do not take such
risks. Consequently, there is a need to test and standardise secondary materials.

Fluctuating supply of byproducts

One organisation stated that they cannot forecast volumes of byproducts (waste
of other manufacturers). Thus, they are not able to have a business case out of it.

Each constraint possesses a limitation for the EU’s PV CSC to improve cir-
cularity. The most mentioned constraints are unpredictable volumes for reuse and
recycling and insufficient value chain collaboration. Illegal handling of EoL PV
waste is interconnected with multiple constraints, meaning that if it is solved, the
benefits would be felt by multiple organisations. The constraints felt by multiple
organisations must be lifted using cooperation. This is especially important for
regulatory-based constraints, as it is unlikely that organisations could succeed in
voicing the issue single-handedly without the participation of the rest of the in-
dustry. In other cases, such as the hesitant exchange of information, it is obvious
that downstream CSC would benefit from higher amounts of CE-related infor-
mation. But on the other hand, upstream CSC is not motivated to do so as they are
not the ones who will benefit from it. Thus, an industry or policy approach is
required to lift these constraints.

3.2.2. Overview of the circular economy enablers of the Euro-
pean Union’s photovoltaics circular supply chain

The results of using MAXQDA to code relevant sentences related to CE enablers
resulted in 29 code categories and a total of 137 codes. No more than one code
was taken from each interview for a specific code category. Table 3.2 shows the
list of code categories for CE constraints, the number of codes, and the number of
circular supply chain stages in the category.

Table 3.2. List of CE enablers in the EU PV industry’s CSC (source: made by the au-
thor)

Total Amount of different
List of CE enablers number | CSC stages participa-
of codes | tion (1 to 6)

1. Implement internal and third-party certifica-

tions/standardisation 12 6
2. Scale up industrial recycling 10 3
3. Increase access to product information 10 5

4. Collect data to assess sustainability metrics
(LCA/EPD) 9 5
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List of CE enablers

Total
number
of codes

Amount of different
CSC stages participa-
tion (1 to 6)

5. Use sustainable positioning as a unique sell-
ing proposition

4

6. Exploit rising market interest in sustainable
products

7. Engage in PV panel design for circularity

8. Increase collaboration with recyclers

9. Engage in pilot projects
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10. Engage in collaboration with plant
owner/collection schemes
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11. Engage in EU PV industry standards and
regulations

12. Recover solar materials in high quality

13. Establish the EU’s reuse market

14. Increase traceability
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15. Share information with customers to prove
sustainable products

16. Exploit the potential of reuse as a profita-
ble business model

17. Build up testing and repurposing infra-
structure for PVs

18. Use product identifier

19. Reinsert internal production waste

N

20. Collaborate with academia to test and
prove recyclates

21. Create economic value

22. Sell recycling technology/as a service

23. Assign EoL responsibility to producers

24. Monitor PV performance during usage
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25. Establish benchmarking among European
PV producers

26. Intensify quality control measures

27. Reinsert external production waste

28. Reduce virgin raw material consumption

29. Engage in lobbying activities

NININININ
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The most mentioned enablers are (1) implementing internal and third-party
certifications/standardisations, (2) scaling up industrial recycling, (3) increasing
access to product information, (4) collecting data to assess sustainability metrics
(LCAJ/EPD), (5) using sustainable positioning as a unique selling proposition.
Representatives of CSC stages 3 to 6 are present in these code categories.

Implement internal and third-party certifications/standardisation

The need for standardisation or third-party certification means that circular pro-
cesses, whether it would be selling secondary materials, production waste, or com-
paring product circularity, are the most relevant enablers for the EU’s PV CSC.
12 organisations think that the industry needs it. Additionally, this enabler is sug-
gested by all CSC stages.

Some organisations face issues in retrieving data related to LCA. Interviewee
C (CSC 2) stated, “When the material comes to our company, we study the emis-
sions”... “another part (EoL phase) is not in our hand (the data), but at least we
can provide information from the beginning to our gate...”. When calculating
LCA, some data is difficult to obtain, such as emissions during the EoL manage-
ment or recycling. Other companies, such as interviewee | (CSC 3), mentioned,
“CO. analyses and all the things, we have that calculated by institutes; they can
do it better than we can”. With additional costs, LCA could be done by other
organisations. Some information on emissions during recycling is generated by
the recycler, as done by interviewee R (CSC stage 6), “We do lifecycle assessment
for the recycling processes, from reception to the waste disposal...”. Another
missing part in the EU’s PV CSC is how to assess PV systems if modules would
be suitable for second-hand applications. Interviewee O (CSC 5) stated, “we do
on-site or with the laboratory first assessment”... «...or just from certified PV
assessors make an assessment of the PV park and fly with the drone”. There are
multiple ways to assess PV modules with little effort in standardising them.

One way to improve circularity is to provide a standardised and simplified
way to collect LCA data. With easier procedures, LCA data could be easily ac-
cessed by the purchasers. This would allow them to compare products and make
decisions by incorporating circularity factors.

Scale up industrial recycling

Higher rates of recycling could allow for increased flow of secondary materials.
Even if, at the beginning, those secondary materials would be of lesser quality
than their original form, feedback flow from recyclers to the rest of the CSC would
increase significantly. That feedback would allow the rest of the CSC to change
their processes related to the design of MCPs, collection and sorting, etc. Inter-
viewee C (CSC 2) mentioned, “...we have found difficulties in finding a recycling
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company knowing how to do it (how to recycle their component). The main obsta-
cle that we have at the moment is lack of (recycling) technology”. The organisation
is not able to find a recycler that could recycle their component to get feedback
on what potential design issues are for recyclability. Interviewee D (CSC 2) stated,
“we have proved the principle of closed loop component to component recycling
on a smaller scale, and what we want to do over the next few years is do that on
a larger scale, which still won’t be you know, industrial or commercially availa-
ble”. With different recycling approaches being tested at laboratories, it is yet dif-
ficult to test them at industrial recycling facilities to understand in-depth feedback
on recyclability issues.

Higher recycling volumes by dedicated PV recyclers would generate a learn-
ing curve in the long term. One of the organisations that recycles PV modules
mentioned the issue where they didn’t anticipate that PV modules would keep
increasing in size. This led to their recycling machinery being incompatible with
larger PV modules. Various CE issues could be spotted and solved if the feedback
across the CSC were shared by the organisations.

Increase access to product information

Another enabler that was indicated by ten out of 20 interviewed organisations is
increasing access to product information. When asked whether the company con-
siders increasing the traceability of its components, interviewee D (CSC 2) stated,
“maybe that digital watermark, | had not thought of it before, but maybe that is a
nice idea where you could take away whatever information you want (information
about the component)”. Another interviewee (organisation H, CSC 3) mentioned,
“We have tested the identifier into a module”... “every single module will be iden-
tifiable (with RFID)”. Organisations are considering different approaches how to
enable information traceability for MCPs. Information that should be shared is
suggested by interviewee L (CSC 5): “the recycler only needs to know which kind
of materials are in the product. If you can give it in detail, it’s great, but they just
need to know what those (products) contain, is it a bit of silver, or a bit of lead in
the soldering. They need to know it in percentage”. Lastly, interviewee S (CSC 6)
stated, “...recycler is better if he can read out which materials are in the product
and in what quantities. That is Industry 4.0. | just need a chip somewhere or a
code. | then just scan and see the percentage of silver...”. Another way to use the
information would be for reuse. Some organisations mentioned that knowing the
location of PV modules, history of performance, etc., would ease decision-making
on whether it is possible to reuse PV modules.

While upstream CSC organisations are looking at which traceability technol-
ogy to use for product information, it would be problematic if each of them used
a different technology. There is a lack of agreement or standards on what infor-
mation to disclose, how to disclose it, what technology to use, etc.
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Collect data to assess sustainability metrics

One of the constraints in the EU’s CSC is the lack of data on sustainability
metrics, such as LCA or EPDs. To address this, the EU’s PV CSC indicated
an enabler, e.g., easing the collection of sustainability-related data. Inter-
viewee G (CSC 1) suggested, “we have to give them all the raw material or
transportation information or process data, but it will be process-specific,
concerning energy and carbon footprint. So, it’s a huge, a huge amount of
data”. While the information is present for the materials producer, it is a ques-
tion of how to transfer the data. Interviewee R (CSC 6) mentioned, “We mon-
itor our data; we follow LCA all the steps..”. Interviewee H (CSC 3) also mon-
itors the data: “in fact, we already did an LCA calculation, it was still a bit of
on paper because we don’t have a big volume factory”. Nevertheless, for the
potential users of the data is a challenge to access it, as interviewee J (CSC 4)
stated, ““As far as we know, there are very little available public data like EPDs
or LCA-type of data. Currently, that is a challenge being transparent”. Even
if organisations collect relevant sustainability data, they do not always make
it public or use the same standard. This makes it difficult to collect data and
compare it easily.

The data on sustainability metrics is available in many cases. The missing
part is implementing one standard to follow and ensuring that the information is
accessible. This data could be stored in the product identifier. In the end, it is still
challenging to implement it as most of the PV modules arrive outside the EU.
Thus, a regulatory approach is needed to encourage organisations to follow a
standard or an industry standard that downstream CSC organisations would use in
their procurement departments when choosing PV modules by considering sus-
tainability metrics.

Use sustainable positioning as a unique selling proposition

Circular economy suggests that MCPs’ lifetime should be prolonged, materials
consumption should be reduced, and materials flow should be a closed loop.
One way to implement it is through regulations. Another way is for consumers
to demand circular products. Sustainable positioning as a unique selling prop-
osition aims to attract customers who have circularity in their minds when
choosing which products to buy. Interviewee R (CSC 6) stated, “I think silicon
is CO.-intensive; the consumption of virgin silicon from China is higher (in
COy) than the metal purification industry, like aluminium. It’s very intensive
(silicon CO,), and with all the CO- reduction actions in the world the sourcing
of silicon will be threatened to switch to lower CO; footprint”. An interviewee
from an organisation that uses production waste to produce low CO, materials
suggested, “we can take kerf (production waste during wafers production) and
make it back to solar grade silicon and you can buy that solar grade silicon,
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so you make a double contract in the way. As more and more companies and
more markets appreciate circularity, in particular greenhouse gas emissions,
these things are possible. But we are in the very beginning of that, now not
well-established”. The industry is in its early steps in terms of circularity. To
scale it up, demand is required for circular products. Interviewee A (CSC 2)
mentioned, “it’s also something (recycled content in the component) that will
be probably part of the sustainability reporting”. The additional demand will
be due to the EU’s environmental, social, and governance ESG reporting reg-
ulations. Another unique sustainability aspect is things like lightweight prod-
ucts; as interviewee H (CSC 3) stated, “We have a unique selling point that is
lightweight”. Lightweight products can reduce material consumption. Most or-
ganisations mentioned the demand for low CO; products, whether from regu-
lations in specific countries or from customers.

Circularity is promoted by consumers’ choices when picking a product
with circularity criteria in mind. Organisations innovate to provide products
that have lower CO; footprints, less toxic materials, etc. Scaling it up would
require visibility for products that are more environmentally friendly. But at the
moment, organisations are already positioning products that are more circular
to gain more sales.

Most mentioned EU PV CSC enablers were discussed. They vary from up-
stream CSC solutions to improved information exchange and recycler efforts in
scaling up activities. These enablers are either being used already or in very early
stages within EU PV CSC organisations. Considering the scope is only CSC in
the EU, enablers must be implemented by a wider network, such as producers
outside the EU. Otherwise, the efforts of EU PV CSC upstream organisations will
be of no value, considering most of the MCPs arrive from outside the EU. Thus,
enablers need to be adaptable to the whole industry beyond the EU. The whole
industry should put some effort into deciding the enablers and how they should be
implemented.

3.2.3. Overview of circular economy goals of the European
Union’s photovoltaics circular supply chain

Using MAXQDA to code relevant sentences related to CE goals resulted in 14
code categories and a total of 72 codes. For specific code categories, not more
than one code was taken from each interview. Table 3.3 shows the list of code
categories for CE constraints, the number of codes, and the number of circular
supply chain stages present in the category.
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Table 3.3. List of CE goals in the EU PV industry’s CSC (source: made by the author)

Total Amount of different
number of | CSC stages participa-
codes tion (1 to 6)

Closing the loop 12 5
Reducing carbon footprint

Expanding European recycling business
Growing the European solar industry
Growing the European reuse market
Reducing the cost per unit

Changing the European legislation
Increasing solar industry sales

Slowing flows

Producing hazard-free materials
Narrowing flows

Digitalising the PV value chain
Improving industrial ecology activities
Establishing Circular Products

[EEN
[EEN
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The most mentioned CE goals are (1) closing the loop, (2) reducing carbon
footprint, (3) expanding the European recycling business, (4) growing the Euro-
pean solar industry, and (5) growing the European reuse market.

Closing the loop

Closing the loop refers to an organisation’s ambition to ensure that MCPs are fully
recyclable. Interviewee G (CSC 1) gave an example: “To facilitate 100% circu-
larity of the solar PV value chain”. One way to achieve this goal is to use recycled
materials. Interviewee D (CSC 2) stated, “We are taking it (secondary material)
from another industry. We are taking away some product from another industry
and upcycling it, giving us a lower carbon footprint”. Another approach is to en-
sure the recyclability of the product. Interviewee F (CSC 2) said, “we are fully
supportive of the circular concept in the sense that anything comes, that is de-
ployed needs to be able easily disassembled, optimising the use of recovery of any
of the materials that are in the components of the PV modules”. Without the goal,
motivation or regulations, organisations would not take CE seriously. Interviewee
R (CSC 6) stated, “for us, it’s most important is to get the raw materials back from
the PV waste and back to different industries”. Interviewee M (CSC 6) said
“Waste to sell the best quality as possible and prepare to transform waste to prod-
ucts. That can be the case, for instance, solar glass. At the end of our process,
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they will be products and not waste anymore”. Recyclers are the ones that can
return materials to the loop. But if the product is difficult to recycle, waste is not
sorted properly, etc., then there is not much a recycler can do.

Closing the loop refers to using secondary materials, ensuring recyclability,
and proper recycling. All CSC organisations are participating in the success of
this goal. Each organisation’s contribution is required to reach the goal. At the
moment, many issues limit the achievability of the goal, as seen from the organi-
sation constraints of the EU’s PV CSC.

Reduction of carbon footprint

The reduction of carbon footprint is the second most coded category in CE goals.
The goal is related to market demand for sourcing low-CO; products. Interviewee
J (CSC 4) stated, “(low CO>) becomes a sales argument on the European market,
especially in the regulated market in France”. Interviewee H (CSC 3) said, “Low
carbon footprint is an essential part”. Both organisations see low CO, MCPs as
an important factor in sales. Using secondary materials positively correlates with
reducing carbon footprint. Interviewee A (CSC 2) suggested, “..if we increase sec-
ondary cullets percentage, we decrease our carbon emissions”. Eleven out of 20
organisations at least once mentioned that they see CO; reduction as an objective
in their business.

The carbon footprint can be reduced solely by organisations by, for example,
using renewable energy. It becomes difficult to decrease the carbon footprint fur-
ther as most emissions usually occur in the rest of the circular supply chain. In
these cases, organisations need to select suppliers that have low CO, materials and
components or ensure that their MCPs are recycled with low CO- recycling pro-
Cesses.

Expansion of the European recycling business

Increased circularity in the industry has the potential to benefit CSC organisa-
tions. Upstream CSC organisations could have a higher amount of secondary
materials to choose from. In the case of the EU, it means potentially more
stable materials prices, as the EU imports large amounts of various materials.
Thus, if it were possible to source locally from the EU’s secondary materials,
there would be higher resilience in material prices. Downstream CSC organi-
sations can develop new circular business models and increase repairability,
reusability or recyclability. Interviewee G (CSC 1) mentioned, “...we would
go in joint ventures or in partnerships with companies that could extract the
silicon cells, and then, we would take solar cells ourselves and recycle them
depending on how clean the cells are”. It is difficult to scale up secondary
materials usage when there is a lack of recyclers, meaning close collaborations
need to be established at the start. Interviewee H (CSC 3) also cooperates
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closely with another organisation for circularity purposes: “We have a part-
nership with our partner (material producer) that could use recycled plastics
or bio-based polymers”. Interviewee U (CSC 6), a recycler, suggested, “by
2030, we want to have at least 400 (PV recycling) plants, simply to be able to
manage a sheer mass (of forecasted PV waste). | think we will only be able to
cover 30% of the market...”. In the next 5-10 years, due to exponential PV
waste accumulation in the EU, it will be inevitable to establish recycling
plants. The sooner it is done, the faster feedback can travel within CSC in
terms of how to improve the design of MCPs, collection, sorting, etc.

The expansion of the EU’s recycling business can offer multiple benefits for
EU PV CSC organisations, from increased amounts of secondary materials to new
business cases for downstream CSC organisations. This goal is shared by multiple
CSC stages; thus, organisations in upstream CSC are willing to invest resources
in easing downstream CSC organisations’ processes to handle all of the PV mod-
ule waste in the future.

Growth of the European solar industry

The EU’s PV industry is insignificant if to compare the amounts produced
versus imported. Most PV products are imported; thus, naturally, one CE goal
is to have higher local production to develop circular processes. It is difficult
to understand what MCP design changes are needed for higher circularity if
there is a lack of these businesses in the EU. It requires effort to analyse the
upstream supply chain, and if it is outside the EU, it becomes more difficult to
do so. Interviewee G (CSC 1), who uses PV production waste as a source for
producing PV materials, stated, “We are in the process of looking at the im-
portant projects of common European interest (IPCEI) initiative in the EU”.
The initiative funds highly important industries in the EU. A representative of
a components manufacturer E (CSC 2) stated, “the main goal is to have more
partners not from Asia but from European companies because silicon wafer
(PV sub-component) produced in Europe has much lower carbon footprint
compared to the Asian silicon wafer”. To reach low CO; targets, it is also to
produce locally, especially if it can lower CO, emissions when the same com-
ponent made in other regions has higher emissions.

The growth of the European solar industry, especially the upstream part of it,
contributes to circularity objectives. The goal is shared both by upstream and
downstream CSC organisations. Dependency on other regions’ production might
limit opportunities to investigate what could be changed for circularity purposes
in upstream CSC organisations.
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Growth of the European reuse market

The reuse market in the EU refers to reusing PV modules that are still working
after their first usage. It can also refer to defective modules from PV manufac-
turers. This goal is only mentioned by CSC stages 5 and 6 by organisations
that manage EoL or recycle PV modules. Naturally, upstream CSC has no in-
terest in their products being reused as customers will buy fewer new products.
Interviewee O (CSC 5) stated, “We have been setting this up for a good two
years (business to inspect and reuse old PV modules). Now, | am the project
manager for the further development of this area. And now we are slowly
reaching a crossroads where we see that this is a nice business area, and we
have to continue to build it up, continue to invest”. Interviewee who reuses PV
modules (organisation N, CSC 5) said, “we are talking about several mega-
watts (~10 000 PV modules) of modules that are not all in one plant”. They
source PV modules from different PV modules, inspect them and sell it to Af-
rica where any amount of electricity is needed. Interviewee P (CSC 5) sug-
gested, “in order to get these illegal markets (illegal shipment of EoL PV mod-
ules outside EU) out, to filter the quality, the manufacturers must join in at
some point. And | hope that at some point the manufacturers will be so far
advanced that they will also check for reuse and perhaps set up a second-hand
market”. Simple traceability of each PV module could allow for tracing back
illegally shipped PV modules to determine at which stage, whether collector,
recycler or PV system user, the PV module left the EU’s PV CSC. Representa-
tive of recycling company R (CSC 6) stated, “we are also required by law to
inspect the modules beforehand if it is economically reasonable. And that’s
why we have now bought a test facility...” It is difficult for a recycling party to
undertake an inspection for reuse as CE constraints show that most PV mod-
ules that arrive at the recycling facility are already damaged. The reuse market
delays the amount of waste that will go to the recycler. For recyclers, they need
5,000-10,000 tons of PV waste to run recycling plants. The recyclers could
receive higher amounts of waste by stopping illegal shipments of PV waste.

The five most coded CE goals were discussed. The reduction of carbon foot-
print can be categorised as something that can be achieved, to some extent, by
organisations alone. The other four CE goals require the cooperation of CSC or-
ganisations. The goals of organisations are linked with the need for cooperation,
which is now lacking. EU PV CSC organisations share similar goals, and each
goal contributes to the success of the whole CSC.

3.2.4. Discussion of the constraints, enablers, and goals

To ensure the reliability of identified constraints, enablers, and goals from the
EU’s PV industry, a comparison of results is required with similar studies.
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Table 3.4 shows whether there is a link between the outcomes of identified CE
constraints (barriers), enablers, and goals and other research related to the PV
industry. Notably, most of the research did not include direct communication
with PV organisations; thus, researchers did not match concrete barriers, ena-
blers or goals with specifics of organisations within the PV industry.

Almost all of the identified constraints from this research can be found in
other researcher efforts that derive the constraints usually not directly from PV
organisations but from other sources/methods, such as analysing data or specific
projects/models. Half of the enablers can be found in other research. As this study
analysed transcripts of each interviewee of the EU PV organisations, there were
concrete suggestions from interviewees for solving one or another problem in a
specific way.

Table 3.4. Comparison of result reliability against other researcher (source: composed
by the author based on a literature review)

References in other studies that
match identified PV circularity
constraints, enablers, and goals

CE constraint categories

1. Unpredictable volumes for reuse and recy-
cling

Franco & Groesser, 2021; Mathur
et al., 2020; Tsanakas et al., 2020

2. Insufficient value chain collaboration

Franco & Groesser, 2021; Rabaia
et al., 2022

3. Insufficient purity of recyclates for reinser-
tion in PV production

Franco & Groesser, 2021

4. Uncoordinated legislation over Europe

Franco & Groesser, 2021; Rabaia
et al., 2022

5. Hesitant exchange of information

Franco & Groesser, 2021; Rabaia
et al., 2022; Boukhatmi et al., 2023

6. Insufficient traceability of PV modules

Franco & Groesser, 2021; Bou-
khatmi et al., 2023

7. Immature recycling methods often result in
downcycling

Franco & Groesser, 2021; Rabaia
et al., 2022; Mathur et al., 2020

8. lllegal PV module exports

Boukhatmi et al., 2023

9. Underdeveloped reverse supply chain

Franco & Groesser, 2021; Rabaia
et al., 2022; Tsanakas et al., 2020;
Mathur et al., 2020
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Continued Table 3.4

CE Constraints categories

References in other studies that
match identified PV circularity
constraints, enablers and goals

10. Conventional PV recycling is not profita-
ble yet

Franco & Groesser, 2021

11. Changing materials inserted in PV produc-
tion over time

Franco & Groesser, 2021

12. Low-risk appetite for investments in in-
dustrial-scale recycling

Franco & Groesser, 2021

13. Underdeveloped regulatory frameworks

Franco & Groesser, 2021

14. Cheap virgin raw materials

Franco & Groesser, 2021

15. Missing PV module design for circularity

Franco & Groesser, 2021; Rabaia
et al., 2022

16. Poor viability of circular business models

Franco & Groesser, 2021; Rabaia
et al., 2022; Tsanakas et al., 2020

17. Strong competition from non-European
countries

18. Difficult access to external byproducts

19. Underdeveloped secondary material mar-
kets

Franco & Groesser, 2021

20. Fluctuating supply of byproducts

List of CE enablers

1. Implement internal and third-party certifica-
tions/standardisation

Rabaia et al., 2022

2. Scale up industrial recycling

Rabaia et al., 2022; Tsanakas et al.,
2020

3. Increase access to product information

Boukhatmi et al., 2023

4. Collect data to assess sustainability metrics
(LCA/EPD)

Rabaia et al., 2022

5. Use sustainable positioning as a unique sell-
ing proposition

6. Exploit rising market interest in sustainable
products

7. Engage in PV panel design for circularity

Tsanakas et al., 2020

8. Increase collaboration with recyclers

Rabaia et al., 2022

9. Engage in pilot projects

10. Engage in collaboration with plant
owner/collection schemes

Boukhatmi et al., 2023
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Continued Table 3.4

CE Constraints categories

References in other studies that
match identified PV circularity
constraints, enablers and goals

11. Engage in the EU’s PV industry standards
and regulations

12. Recover solar materials in high-quality

Mathur et al., 2020

13. Establish the EU reuse market

Tsanakas et al., 2020; Boukhatmi
et al., 2023

14. Increase traceability

Boukhatmi et al., 2023

15. Share information with customers to prove
sustainable products

16. Exploit the potential of reuse as a profita-
ble business model

(Rabaia et al., 2022)

17. Build up testing and repurposing infra-
structure for PVs

18. Use of product identifier

Boukhatmi et al., 2023

19. Reinsert internal production waste

Bartie et al., 2021

20. Collaborate with academia to test and
prove recyclates

(Rabaia et al., 2022

21. Create economic value

22. Sell recycling technology/as a service

23. Assign EoL responsibility to producers

24. Monitor PV performance during usage

25. Establish benchmarking among European
PV producers

26. Intensify quality control measures

27. Reinsert external production waste

28. Reduce virgin raw material consumption

Rabaia et al., 2022

29. Engage in lobbying activities

CE goals

1. Closing the loop

Rabaia et al., 2022

2. Reduction of carbon footprint

Rabaia et al., 2022

3. Expansion of European recycling business

Rabaia et al., 2022

4. Growth of the European solar industry

5. Growth of the European reuse market

Rabaia et al., 2022

6. Reduction of cost per unit

Rabaia et al., 2022




3. EVALUATION OF THE CIRCULARITY CONSTRAINTS IN... 99

End of Table 3.4
References in other studies that
CE Constraints categories match identified PV circularity
constraints, enablers and goals
7. Change of European legislation Rabaia et al., 2022
8. Increase in solar industry sales Rabaia et al., 2022
9. Slowing flows -
10. Production of hazard-free materials Rabaia et al., 2022
11. Narrowing flows Rabaia et al., 2022
Rabaia et al., 2022, Bartie et al.,

12. Digitalise the PV value chain 2021

13. Improvement of industrial ecology activi-
ties
14. Establishment of circular products Tsanakas et al., 2020

Rabaia et al., 2022

As other research lacked feedback directly from PV organisations, the list of
potential solutions is larger in this study. CE goals in the PV industry in other
research are derived indirectly from the PV industry’s standpoint on issues the
industry should address rather than from PV organisations.

The findings in this study are similar to those of other research. The main
difference is that this study is based on a direct information source, e.g., the EU
PV organisations. It allows for connecting specific PV organisations with CE bar-
riers, enablers, and goals. Additionally, concrete reasoning behind the connections
is established, such as why exactly one or another constraint is important for EU
PV organisations, how it affects their operations, etc.

3.3. Results of weighting indicators for the European
Union’s photovoltaics circular supply chain

Two Delphi rounds were conducted. Within the first round, experts identified that
two indicators were not relevant for the PV industry: (1) renewable content in the
product and (2) recirculation of materials, components, and products in the bio-
logical cycle. For these indicators to be relevant, the industry needs to use renew-
able or biological content, such as wood. In PV modules, these materials are not
used; thus, these two indicators were eliminated after the first round. The ranking
values of the first round for those two indicators were removed. Table 3.5 shows
the summary of the two rounds.
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Table 3.5. Summary of Delphi rounds

Indicators Round 1 weights Round 2 weights
Reuse content in the product 10.3% 8.86%
Amount of recycled contentin | 12.4% 12.89%
the product

Lifetime of materials, compo- | 17.2% 18.91%
nents, and products

Reuse content in the product at | 18.3% 21.82%
the end-of-life

Recycling rate of the product 20.7% 21.82%
Constraint’s impact on the or- | 11.9% 8.60%
ganisation’s CE potential

Interest in investing resources | 9.1% 7.09%
in solving the constraint

W coefficient (0 — no agree- 0.30 0.72
ment, 1 — full agreement)

1.3.1. Delphi round one results

In each round, experts provided comments to support their ranking choice. These
comments will be discussed in the following sections.

Reuse content

Expert F stated, “difficult to see material reuse being very practical given logistics
of PV end of life”. While most PV modules are damaged during demounting and
transportation, during the EoL stage, PV modules can be reused. The reuse of
separate components is difficult as the PV industry constantly improves and
changes component functionality, dimensions, etc. Expert D mentioned that it is
“difficult to achieve with long warranties of new modules”. With PV modules
lasting for 2030 years, it may be challenging to find applications for old PV mod-
ules that will have less power than the new ones. Expert A stated, “reuse content
in the product is not a priority, with the exception of production scrap. This is due
to expected changes in technologies and formats, which impede reuse of the com-
ponents or materials in the production of new PV modules without any prior pro-
cessing”. The expert identified the issue precisely: old components would not fit
in the new PV module design. However, the product, the whole PV module, could
be reused.
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Recycled content

Expert D commented that it “can be important with rare and conflict materials
certificates of origin”. Additionally, expert A suggested that “the amount of recy-
cled content in the project needs to gradually increase as recycling/upcycling
routes become more mature (which will happen when EoL volumes increase). Of
key importance will be the integration of recycled Si (from kerfs, production scrap
and EoL)”. Itis difficult to increase the recycled content if there are no streams of
secondary materials available. Thus, recycling needs to be improved first.

Lifetime of materials, components, and products

Expert F stated that “the longer modules stay in service, the lower the need for
recycling”. The comment suggests that one of the highest priorities is to ensure
longevity together with reuse. Expert D suggested that a “long lifetime is desirable
but may be in conflict with cheaper, less resource intensive modules but lower
lifetimes, rapid progress in module power”. The comment suggests that perhaps
it is better to design or replace modules rather than keep them operational for a
long time. In those cases, the value generated by the new product should be higher
than the old PV module’s performance, plus the economic and environmental
costs of recycling it. Expert B pointed out the “lifetime as the most relevant indi-
cator for the buyer (long usage avoids waste)”. In this scenario, longevity might
allow for delaying recycling costs. Expert A suggested that the “lifetime (together
with quality and efficiency) of the product (PV module) is one of the most im-
portant indicators to improve sustainability and circularity; this is backed up by
recent scenario simulations and studies such as Mirletz et al. (2022)”. The expert
suggested that longevity should go toe to toe with the product performance; oth-
erwise, the lower performance of the product will lead to its replacement.

Reused content from the outflow in materials, components, and
products

Expert D stated that “extension of the lifetime of components, reuse, and repair
potential will save resources and energy”. Whereas expert E indicated the “lack
of information on the EoL material”. The lack of information results in the com-
ponents having unknown functionality, performance, purity, material content, etc.
In these cases, it is difficult to find applications for the components and sometimes
for the PV module itself. Expert C commented that “from a circular economy’s
point of view, keeping components at a high level of functionality is the first aim,
although for PV, | know this is difficult, and recycling may be the easier option”.
Indeed, with old components that have no traceability of information and with
rapidly improving PV technologies, it is difficult to implement reuse strategies for
the product. Expert A stated that “Reuse of the full product (PV module) for sec-
ond-life applications is also a solid route to improve circularity (not including the
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reuse of components and materials, which is normally not feasible due to changes
in technology and formats over the decades of lifetime)”. Realistically, only PV
modules themselves could be reused.

Recycling rate of materials, components, and products

Expert F suggested that “A high recycling rate would be an indicator that we have
(a) gotten recycling economics to be competitive with other end-of-life manage-
ment options, (b) that logistics have been streamlined, and (c) that we have
achieved a more uniform policy signal to drive recycling”. A successful recycling
of PV modules requires scaling, proper logistics and uniform policy in the EU.
Expert D stated that it is “necessary to fulfil legal requirements, harmonisation is
required”. According to EU regulations, PV modules should be recycled to a cer-
tain extent. However, for that, additional harmonisation of regulations is required
as they differ in each country. Expert E suggested that “the zero waste society will
become more important, both due to waste and resource management”. Regarding
resource management, expert A also highlighted the importance of introducing
materials back “once first and second life are expired, the next viable route is to
recycle the product with the highest possible rate to recover the most massive
(glass, aluminium) and valuable (Ag, Si) materials within”. Recycling activity
should be the last resort for any product. For effective recycling, it is essential to
have the scale of economies to reduce recycling costs and enable highly efficient
recycling equipment to generate as pure as possible secondary materials.

Impact of constraints on the organisation’s Circular Economy
potential

Expert F stated that “we are seeing more progressive, brand-oriented developers
increasingly make end-of-life commitments in partnership with recyclers, a posi-
tive development (especially in the US where there is no PV end-of-life policy
framework™. There are some activities within the EU’s PV industry to address
constraints in cooperation between recycler and plant owners. Expert D suggested
that it “could be included in sustainability analysis in the future and could be a
potential USP (unique selling point) at equal prices”. A sustainability analysis,
such as the double materiality analysis, could be used to measure more precisely
how these constraints affect single organisations. On the opposite side, expert E
mentioned that “incentives and legislation, e.g., the EU taxonomy, must be used
more to steer the industry towards enhanced sustainability”. While it is sometimes
difficult to understand the impact of CE constraints on standalone organisations,
the expert suggests industry policy implementation for measuring and potentially
solving the constraints. Expert A stated that “all ten identified constraints have a
large impact on the circular economy potential of the PV sector, in particular, a
more uniform legislative framework across Europe would be very useful to reach
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standardised procedures and reduce costs associated with collection and logis-
tics”. The impact that organisations feel from the constraints should be addressed
with EU policy, as it is unlikely that organisations themselves will come up with
solutions in the highly competitive industry.

Interest in investing resources in solving the constraint

Expert D stated that “shrinking material values and small waste streams do cur-
rently hinder significant investments”. From a business opportunities perspective,
it is challenging to realise a business model related to recycling when raw material
prices are low. Additionally, the waste stream from the PV sector is relatively low
at the moment, and the volumes will kick in exponentially starting around 2023.
Expert E suggests that “logistics has been the main hurdle so far”. In reverse lo-
gistics, where end-of-life PV modules are damaged, it is difficult to implement
reusability.

The first round results show various views that experts have on the issues.
The first round resulted in a W coefficient of 0.30, which is a moderate agreement
between the experts. Zero would indicate no agreement, and one would mean there
is 100% consent between the experts.

1.3.2. Delphi round two results

For the second round, experts received averages of each indicator ranking. Addi-
tionally, they received comments from other experts on the indicators. The second
round of findings is discussed below.

Reuse content

Expert A stated that “not so feasible in PV as components cannot normally be
reused without processing”. Indeed, old glass or frames might not meet the current
standards that the PV industry uses. Expert D suggested that “According to prod-
uct warranties and updated specifications, the reuse potential in new modules will
be difficult to achieve™. Furthermore, expert F commented that “as a general mat-
ter, 1 do not believe that direct reuse of components into new modules will ever be
practical from a cost/logistics/technology evolution perspective”. All of the ex-
perts generally agree that it is difficult to produce a PV module with old compo-
nents.

Table 3.6. Expert ranking for the “reuse content” indicator

Expert

Expert A

Expert E

Expert D

Expert F

Expert B

Expert C

Rank
(1-7)

6

7

6

5

6

2
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The reuse strategy is difficult to implement in the PV industry, as seen in
Table 3.6, which shows the expert ranking values for the “reuse content” indicator
from 1 (highest importance) to 7 (least importance).

Recycled content

Expert A suggested that “including recycling content in PV modules (either orig-
inating from PV industry or others) is a good indicator to show a reduction of
primary raw materials, especially for critical ones”. Expert D stated that the
“amount of recycled content may be important for certificates of origin, mitigation
of critical and rare material use”. Additionally, expert F comments that “while
the use of recycled content in PV is desirable, it will likely only be practical for
certain elements’ primarily metals”.

Table 3.7. Expert ranking for the “recycled content” indicator

Expert Expert A | ExpertE | Expert D | Expert F | Expert B | ExpertC

Rank 4 1 4 4 4 5
-7

Driving beneficial reuse overall has greater priority and benefit. One excep-
tion is if we can solve the logistics and technology hurdles to recycle solar glass,
it could have a significant environmental benefit. Lastly, expert C stated that “re-
cycling competes with reuse, and in practice, the cheapest rouse is the preferred
one”.

Experts generally agree that recycled content indicators are relevant to PV
CSC organisations. It can potentially reduce environmental impact and reduce raw
materials consumption. See the distribution of recycling content ranking from the
experts in Table 3.7.

Lifetime of materials, components, and products

Expert A suggested that “even replacing by less resource-intensive and higher-effi-
ciency modules has been proven to be more energy consuming and material con-
suming that employing long lifetime modules. Longer lifetime and high quality rep-
resent the most sustainable route”. Expert D stated that “a long service time is
desirable from a life cycle point of view though commercial interest may conflict
with this (repowering because of higher efficiency)”. Additionally, expert F com-
mented that “ideally longer productive module lifetime would (a) spread the impact
of manufacturing the panel over more kilowatt-hours, lowering the impact per unit
of energy and (b) reduce the demand for EoL management. Improvements in module
performance/efficiency could well overpower module longevity and drive repower-
ing/module retirements before module fail, undermining the value of longevity”.
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Lastly, expert C stated that “durability for components is important, as designs for
disassembly”.

Table 3.8. Expert ranking for the “lifetime of materials, components, and products”
indicator

Expert Expert A | Expert E | Expert D | Expert F | Expert B | ExpertC

Rank 1 4 3 1 3 3
(1-7)

Experts agree on likely scenarios of replacing operational PV modules with
newer, more efficient ones. On the other side, keeping an older module working
would have less impact on resource usage. Table 3.8 shows the ranking provided
by each expert.

Reused content from outflow in materials, components, and products

Expert A stated that “reuse products as long as possible to further extend lifetime
is reasonable. For example, if modules are replaced before reaching EoL, for re-
powering due to economic reasons, these modules should be reused in a different
site/application to maximise sustainability . Expert D commented that “reuse and
repair can extend the lifetime of a PV module but is currently borderline concern-
ing economics”. Expert F suggested that it “relates directly to the rating of recy-
cling. The higher the rate of material recovery/beneficial reuse, the better the eco-
nomics of recycling/EoL”. Lastly, expert C suggested that “keeping functionality
is the first aim, even though I'm aware this is challenging for PV,

Table 3.9. Expert ranking for the “reused content from outflow in materials, compo-
nents, and products” indicator

Expert Expert A | Expert E | Expert D | Expert F | ExpertB | ExpertC

Rank 2 3 2 3 2 1
1-7)

Experts have a similar vision, which is that it is possible to reuse PV modules
to extend their lifetime. However, the economic and technical challenges for inspec-
tion or repair limit reusability. Table 3.9 shows rankings provided by the experts for
the “reused content from outflow in materials, components, and products” indicator.

Recycling rate of materials, components and products

Expert A suggested that “simulations show that long lifetime modules are more sus-
tainable than highly recyclable modules. The priority should be developing lifetime
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high-efficiency and high-quality modules before developing recycling processes,
which is also very important, but we have still some years to develop the processes
before waste volumes become significant”. Expert D stated that “valuable resources
should be saved and reutilised not only in PV but also in other industries, especially
in Europe with a poor raw material supply”. Lastly, expert F suggested that “a high
recycling rate would mean either policy or economics-made recycling the best
choice, and part of those economics would be greater material economically bene-
ficial reuse”. Experts have different views on recyclability.

Table 3.10. Expert ranking for the “recycling rate of materials, components, and prod-
ucts”

Expert Expert A | Expert E | Expert D | Expert F | ExpertB | ExpertC
Rank 3 2 1 2 1 4
(-7

The first expert suggested that policy instruments are fundamental for the PV
industry to solve circularity issues. Other experts have suggested that recycling is
already regulated in the EU, although its effectiveness is questionable due to the
low quality of recycled materials and waste shipments outside the EU.

While it is not the first option to consider, it is difficult to implement it as it
requires policy instruments or good enough economic conditions. Table 3.10
shows the rankings of the experts on the “recycling rate of materials, components,
and products” indicator.

Impact of constraints on the organisation’s Circular Economy po-
tential

Expert A stated that “collection and logistics need to be improved. Delocalised
recycling and re-manufacturing are desirable”. Additionally, expert D com-
mented that “environmental factors might gain relevance comparing different
brands at the same price. Local content and environmental factors could be used
to support domestic producers”. The impact on PV organisations is mostly related
to logistics and opportunities for improving local EU content with recycled mate-
rials.

Table 3.11. Expert rankings for the “impact of constraints on the organisation’s CE
potential” indicator

Expert

Expert A

Expert E

Expert D

Expert F

Expert B

Expert C

Rank
(1-7)

5

6

5

6

5

6
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Table 3.11 shows the rankings provided by experts on the “impact of con-
straints on the organisation’s CE potential” indicator. Generally, the impact of CE
constraints on PV organisations’ business models may be quite low as few com-
panies conduct high-value recycling or reuse PV modules with proper testing pro-
cedures.

Interest in investing resources in solving the constraint

Expert A commented that “large advances can be made at the moment through
policy updates. Investment will follow”. Additionally, expert D stated that “recy-
cling is mandatory in Europe, and large waste streams are expected in 2030”.

Table 3.12. Expert rankings of the “interest in investing resources in solving the con-
straint” indicator

Expert Expert A | Expert E | Expert D | Expert F | ExpertB | ExpertC

Rank 7 5 7 7 7 7
(1-7)

The first expert suggested that policy instruments are fundamental for the PV
industry to solve circularity issues. Other experts suggest that recycling is already
regulated in the EU, although its effectiveness is questionable due to the low qual-
ity of recycled materials and waste shipments outside the EU. Table 3.12 shows
expert rankings for the “interest in investing resources in solving the constraint”
indicator.

The Delphi method allowed for ranking indicators based on their relevance
for the PV industry through two rounds. The first round concluded with a W co-
efficient of 0.30, whereas the second round concluded with a 0.72 W coefficient.
A strong agreement was reached after the second round. Expert comments for the
second round demonstrate a higher focus on specifics of the PV industry. It shows
that expert views have synchronised due to reading other experts’ comments from
round 1.

3.4. Results of input collection from organisations of
the European Union’s photovoltaics circular supply
chain

Inputs were collected from 12 organisations. The inputs were based on the organi-
sation’s perceptions, whether a constraint’s impact on the indicator ranged from 1
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(very low impact) to up to 5 (very high impact). The summary of the results is shown
in Table 3.13.

Table 3.13. Summary of inputs from the EU PV organisations on their perceptions of
how constraints affect indicators

_Results of Reuse Recy Life- Ex Recy- | Im- Inter-
inputs cled : pected .

. content time cling | pact | est
collection content reuse

Unpredictable
volumes for reuse | 2.77 3.60 1.90 3.63 3.57 3.07 | 3.04
and recycling

Insufficient value
chain collabora- 2.20 3.04 220 | 2.30 296 | 200 | 257
tion
Uncoordinated
Legislation in Eu- | 2.70 3.13 220 | 3.43 333 320 | 273
rope

Insufficient purity
of recyclates for
reinsertion in PV
products

Hesitant exchange
of information

Insufficient trace-
ability of PV 2.80 2.63 3.80 3.70 3.25 3.20 | 3.30
modules

Immature recy-
cling methods of-
ten result in
down-cycling
Illegal end-of-life
PV module ex-
ports to non-Euro-
pean countries

Poor logistics
handling in the re-
verse supply
chain

Conventional PV
recycling is 2.00 3.67 213 | 213 408 |296 | 1.83
hardly profitable

2.00 3.67 2.07 1.80 410 |3.17 | 347

3.13 3.87 3.40 | 3.43 400 |3.20 |3.50

1.87 297 1.37 1.43 423 |293 |313

3.23 3.90 240 | 3.43 330 | 347 | 357

3.00 297 3.20 | 3.63 283 | 3.17 | 257
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Organisations were also asked to comment on the reasoning on which they
based their inputs. The comments will be discussed from the 1st to 6th CSC stage.

Circular supply chain stage of 3rd, 4th, ..., tier suppliers

There was only one organisation from the first circular supply chain stage. The
reason is that the EU has few producers of silicon or other raw materials. Inter-
viewee H, representing a silicon producer in Europe, stated that “’you cannot reuse
(end-of-life) silicon”. Further, the interviewee elaborated that “recycled silicon
should be of a consistent flow that would be inserted in polysilicon production.
No sorting would be possible for specific customers . The issue is that the inter-
viewee organisation could not produce materials in batches. They would require
huge amounts of silicon, which is not possible with the current waste stream. Ad-
ditionally, the issue is that there is “no solution to mix secondary silicon with vir-
gin silicon”. While it is possible to develop a mixing solution, the costs and lack
of waste are not there. While there is recycled silicon available in 99.99 purity
(PV solar grade silicon requirement is 99.99999), another issue is present, as in-
terviewee H suggested, “metallurgical grade silicon requires a specific catalyst,
purse silicon, such as 4N (99.99%) purity, would not be compatible with our pro-
cess”. Since there is no knowledge from the interviewee organisation on CE con-
straints and how they could impact CSC stage 1, the first stage is not included in
the input collection.

1st and 2" tier suppliers

Interviewee B, representing a plastic components manufacturer, stated that “you
cannot reuse encapsulants or silicone”, which makes the indicator of “reuse con-
tent” irrelevant to them. Additionally, interviewee B suggested that “silicon and
encapsulant are very low of value compared to other PV module components
value”. Recycling pathways might not be feasible for low-value components. On
the other hand, they had not experimented with it, as interviewee B commented,
“if we start talking to PV recyclers for the collection of our materials, it would
probably be possible”. The plastic should be of high purity/quality, which is dif-
ficult now to obtain; as interviewee B elaborated, “it is difficult to get high-quality
recycled plastics”. Furthermore, interviewee B stated that “some manufacturers
declare they use POE, although its EVA materials inside the encapsulation”. This
might hinder longevity and recyclability; thus, more extensive information shar-
ing and traceability are important for the interviewee organisation.

Interviewee F, a representative of solar cells manufacturing company, stated
that “it is not possible to reuse solar cells”. Since solar cells are encapsulated with
a polymer that works as an adhesive, it is not possible to dismantle cells, which
makes reuse content indicator irrelevant for them. In terms of recycled content,
interviewee F suggested that “silicon is the main issue in terms of how to purify
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it”. End-of-life silicon contains dopants boron or phosphorus that need to be re-
moved, which is hardly possible in an economical way. In regards to lifetime in-
terviewee, F commented that it “depends on how the solar cells are encapsulated,
whether its glass-glass, glass-back sheet, what encapsulation is used”. The lon-
gevity of cells depends mostly on the technology used by PV module manufactur-
ers. In some cases, it might be possible to reuse intact solar cells, as interviewee
F suggested, “on some designs, such as NICE, it would be possible”. NICE refers
to an innovative encapsulation method which, instead of polymer-based encapsu-
lation, uses vacuum and sealant around PV module edges. It results in the possi-
bility of dismantling PV modules without damaging the solar cells. Generally,
interviewee F mentioned that “there is a very low amount of PV upstream value
chain in EU”, which results in low innovation potential for circularity.

Interviewee M, representing an ingot and wafer-production company, stated,
“Due to the lack of manufacturing in the EU, it might be difficult to establish re-
cycling factories. You need to add very strong traceability of each of the compo-
nents as it comes mostly from China”. Recyclers would benefit from knowing
what PV modules consist of and who made them, but in any case, it will not be
enough as Interviewee M suggested, “recyclers will still need to deal with old PV
modules that has no information on what these modules are made of”’. While some
organisations attempt to contact manufacturers for this information, it is difficult
to get high-quality data when products are manufactured in China or when PV
producers have ceased to exist. Interviewee M saw low chances of value chain
collaboration: “it could change in the future, the formats of the modules. Chinese
are working as a “cartel” to decide the sizes of modules, cells, etc. Due to glass
manufacturing capabilities PV modules have already standardised width”. With
China’s dominant influence in PV manufacturing, the EU’s interest in circularity
collaborations might not be heard if it includes additional costs or efforts for the
Chinese PV companies.

Product manufacturers

Interviewee G, representing a PV module manufacturer, stated that “(recycled con-
tent) could allow to reduce materials consumption if manufacturers would be
obliged to use a specific amount of reuse content”. Additionally, regarding poor
logistics in the reverse supply chain, interviewee G mentioned that “when you recy-
cle glass, you shred it into cullets anyway, it has no impact”. Glass has a low impact
on how EoL PV modules are handled. Interviewee G mentioned issues in infor-
mation exchange within the industry: “it is way harder to trace Chinese products
than to trace EU products”. It could be difficult to implement information flow
when the overwhelming majority of PV modules are made in China. Additionally,
interviewee G said, “we do not have issues in sharing our data with partners”. One
way to address it is, as interviewee G commented: “if the European Commission
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would make it obligatory to show all materials that are in the product, then we
would do it”. Interviewee G also commented on recycling issues of PV modules:
“the European Commission should suggest a solution, not the manufacturer”. With
a generally low impact and interest from EU PV CSC organisations in solving the
constraint, there may be no other option than the involvement of more policies to
regulate the EoL management of PV modules.

Interviewee E, representing another PV production company, stated that “stand-
ardised usage of second-hand PV modules should be covered by regulations”. Ad-
ditionally, interviewee E stated that “proper testing for second-hand PV modules
would increase costs; thus, fewer PV modules would be reused”. While the PV in-
dustry reuses PV modules with questionable testing procedures or no testing at all to
know safety and other parameters, regulation should be implemented to govern the
activity. While recycled content is generally possible to be increased for PV modules,
interviewee E raised a ““question in price and quality of recycled materials for rein-
sertion in PV production”. Interviewee E suggested a way to address it: “higher vol-
umes would end up at recyclers (if illegal PV EoL shipment is prevented from EU),
then they in the future would recycle PV modules with high efficiency/good recyclates
quality”. On the other hand, the organisation of interviewee E saw that the recycling
rate was more relevant than for PV module producers because “...producer takes
into account more factors, such as the price for secondary materials”. Recyclers can
realise secondary materials in various industries, whereas, for PV module producers
and further upstream value chain members, it is a question mark of whether they can
compete with virgin raw material price and quality.

Usage

Interviewee A, a representative of one of the largest EU PV module distributors
and developers, stated that “reuse of PV modules is being suggested as standard
in IEC (International Electrotechnical Commission)”. Currently, there is too
much freedom to sell second-hand PV modules without minimal testing. Further-
more, interviewee A suggested that unpredictable volumes for reuse and recycling
would “impact our possible new business models”. There is an economic incentive
to reuse PV modules as they can be sold for the second-hand market. However,
with difficulties in forecasting waste streams, it can be risky for investment op-
tions in testing equipment that would require high volumes of EoL PV modules.
From the perspective of a middleman between the PV producers and end-users,
interviewee A commented that “it would be nice to buy PV modules that have
higher recycled content”. The question remains to which extent customers would
be willing to pay extra for higher recycled content.
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End-of-Life management

Interviewee D, representing an organisation that collects and inspects PV modules
for reuse and recycling, stated that “there is a lack of standardisation within the PV
value chain on component sizes, dimensions, etc.”. While it is true, considering over
100,000 unigue PV modules in the global market, it is difficult to standardise with
rapidly evolving PV technologies. On the topic of traceability, interviewee D sug-
gested that “it is currently not possible to determine who manufactured the PV mod-
ule, what is the composition of modules, etc. Now it is limited to labels if present on
PV module, barcodes are not readable”. A lack of information access on the PV
modules hinders the chances of circularity actions. Regarding the European legisla-
tion, Interviewee D agreed that there is confusion and a lack of standardisation of
how EU countries distribute waste; for example, in France, a tender is organised
every five years for recycling PV waste. As for the reverse logistics, interviewee D
stated that “from 500 modules, one pallet (~30 modules) might be interesting for
reuse for spare parts”. Due to damaged modules and outdated components, it may
still be possible to reuse at least some parts. In the case of Germany, interviewee D
suggested that “every city (in Germany) has a collection point where PV modules
can be put into containers in Germany”. The issue with the system is that, as men-
tioned by the interviewee, up to 99% of PV modules are damaged and cannot be
reused. Furthermore, interviewee D suggested that “above 300 Wp module power
for reuse is possible”. As of 2024, the residential segment PV module’s power
ranges from 410 to 430 Wp, whereas ~10 years ago, it was ~ 250-300 Wp. The
interviewee pointed out that very old modules might not find market applications
for second-hand usage. There are still some technical constraints, as interviewee D
stated, regarding reusing whole modules: “there is no solution for testing a large
amount of PV modules for second-hand applications”. On a similar topic, inter-
viewee D stated that “after 10-12 years, you can repower utility-scale system in the
economic sense”. Due to rapidly increasing PV module power, there is already an
incentive to replace PV modules that did not even reach the middle of their warranty
period. On the illegal EoL shipments outside the EU, interviewee D stated that “if
we send EoL modules to Africa, we lose the materials”. Additionally, interviewee
D commented that “when we can earn higher value from recycled materials, then it
might be better to recycle than to reuse”. Old PV modules have a larger silver con-
tent, for instance; thus, in some cases, recycling might be better from an environ-
mental and economic sense than keeping it running at low power capacity.
Interviewee K, representing a company that maintains PV parks and reuses PV
modules, stated, “Sometimes, we have access to waste accumulation to find out why
they are defective or not working. We saw very small issues in the backsheets, very
tiny. There must be traceability of why the modules are dismantled”. If data is pro-
vided to reuse companies on reasons for the failure of PV modules, reuse or repair
activities would be improved. Furthermore, interviewee K suggested that “we have
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some modules that we do not know which cables, which junction box is used. A bit
of a nightmare for repair when we have no information. Zero information on the
backsheet”. The hesitant exchange of information limits the interviewee’s K organi-
sation from scaling up its repair or reuse business operations. Responding to the ques-
tion of whether the organisation felt an impact or was interested in solving con-
straints, interviewee K stated, “‘we have created a big database of modules which are
installed in France”. Additionally, interviewee K commented on poor logistics han-
dling in the reverse supply chain: “Big problem, but we solved it. We do it ourselves
the dismantling, we ensure there is no damage during reverse logistics”. The organ-
isation is solving its issues due to a lack of access to information and damage caused
by the dismantling/transportation of EoL PV modules.

Recycling
Interviewee J, representing a PV module recycling company, commented on un-
predictable volumes for reuse and recycling: “it is something we are aware of. |
think that’s why it comes to value chain collaboration and legislation over Eu-
rope. We have to be part of those stakeholders”. The interviewee’s point of view
is that organisations from the PV value chain need to be more involved in shaping
policies. As regards the current situation, interviewee J stated, “right now, we have
large stock to treat (PV module waste), we don’t have enough capacity. We don’t
have enough storage”. Additionally, the interviewee mentioned that it is for a
short period. When they process the waste, there is a high risk of the facility run-
ning on low capacity due to difficulties in forecasting PV waste. As regards the
profitability constraint of conventional PV recycling, interviewee J suggested that
“we have proven it is profitable”. But still, they charge clients for recycling, taking
less from waste organisations, and placing higher gate-fee costs for utility-scale
or small batches. Due to the specifics of their recycling process, interviewee J
stated, “for us, it is not critical if PV modules are damaged”. The condition of PV
modules at EoL does not impact the quality of recycled materials after their pro-
cess. Additionally, interviewee J mentioned: “for us, it is better new PV modules,
their quality is higher”. The business case for them is higher with newer modules
as they can recover higher-quality materials. On the other hand, older PV modules
have more silver, which is the main valuable material within PV modules.
Interviewee L, representing a company that recycles PV modules, stated:
“There are three main organisations and 50 additional ones that implement ex-
tended producer responsibility (EPR) in Germany for PV modules. Everyone in
Germany looks for the cheapest EPR solution”. Furthermore, interviewee L com-
mented: “In France, it is easier when only one player is responsible for that”.
Different regulations in each country limit recycler options for securing large
amounts of PV waste for their operations. Additionally, the interviewee suggested
that “there are no big competitors who are involved in PV recycling in Germany.
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Our biggest competitor is illegal exports of PV waste; if it was forbidden, we
would have many more modules to recycle or stay in the market as reuse. It would
be easier to invest in new recycling technologies if PV waste is sufficient. There
are no figures on how many PV modules waste is exported”. Regarding the rea-
sons why there is no data on the export of PV module waste, the interviewee
stated: “you do not need a license if you want to trade PV waste. It is easy for them
to distribute PV waste to other countries”. Interviewee L concluded that “similar
to other e-waste, it is happening now for PV modules”. The interviewee meant
that PV module waste is a target of e-waste treatment, where the goal is to find
the cheapest way to dispose of it without considering recyclability or reusability.

The reuse content refers to several materials or components that are reused
without considering recycled content. It is hardly possible within the EU PV sup-
ply chain as it is not possible to dismantle components without breaking them.
Especially since the new PV modules have higher requirements/different dimen-
sions, making reuse content a difficult objective. Recycled content is something
that the EU PV supply chain would benefit from since it has a direct impact on
the PV module’s CO; value. However, as noted by the experts, it is difficult to
increase it as there is simply not enough PV waste to generate secondary materials.
Furthermore, the findings reveal that the day when there will be a sufficient
amount of PV waste for secondary materials will not come fast, as the waste is
directed outside the EU, resulting in the unavailability of processing the waste
within the EU to generate secondary materials cullets.

The results show that the lifetime of the PV modules could be improved if
the PV modules had information traceability. For example, reasons for PV module
failures could be analysed by PV module or components producers to improve the
quality of their products. Expected reuse has one of the most promising impacts
on the EU PV supply chain. Around 50% of the PV modules could theoretically
be reused after their first life. However, the difficulty is that PV modules are col-
lected differently across the EU member states, especially for the residential seg-
ment, which often results in PV modules being already broken due to dismantling
and transportation processes. The experts demonstrated that constraints are heav-
ily impacting the recyclability of the PV modules. Since the PV module is encap-
sulated, it is not a simple procedure to recycle it. The findings show that recyclers
have limited capability to recover high-value materials without cooperation from
the rest of the supply chain. The cooperation could be from allowing the recycler
to access the product material composition or making PV modules more easily
identifiable based on their characteristic for sorting processes that would allow
diverting PV modules to recycling based on compatibility of PV modules’ tech-
nological design versus various recycling processes.

The results of the inputs collection demonstrate that the EU PV supply chain
organisations express above medium interest in solving those constraints and that
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the organisations are feeling the impact of those constraints on their operations. It
reveals that there is a motivation from the organisations to overcome the con-
straints; however, as mentioned by the experts, there is limited power they can
express as the EU PV supply chain is heavily reliant on the supply chain outside
the EU, which is mainly present in China.

3.5. Application of the decision-making method for
evaluating circularity constraints of the European
Union’s photovoltaics circular supply chain

With the (1) identified circularity-related constraints of the EU PV circular supply
chain, (2) results of input collection from experts of EU PV organisations, and (3)
expert weighting of criteria, the TOPSIS method can be used. The principle of
TOPSIS is to have a matrix of alternatives and criteria to find the distance to the
ideal solution while considering the distance to the worst solution. Table 3.14
shows the weighted decision matrix.

Table 3.14. TOPSIS weighted decision-making matrix

Weighted decision | Reuse Recyc- ) ife.  |EXPEC- Recy- |Imp- |Inte-
. led con- | . ted Re- .
matrix content | time | o cling |act rest

Unpredictable volu-
mes for reuse and re- |0.25 0.46 0.36 0.79 0.78 0.26 0.22
cycling

Insufficient value
chain collaboration
Uncoordinated legis-
lation in Europe
Insufficient purity of
recyclates for rein- | 0.18 0.47 0.39 |0.39 0.89 [0.27 |0.25
sertion in PV product
Hesitant exchange of
information
Insufficient traceabil-
ity of PV modules
Immature recycling
methods often result |0.17 0.38 026 [0.31 092 |0.25 |0.22
in downcycling

0.19 0.39 042 |0.50 0.65 |0.17 |0.18

0.24 0.40 042 |0.75 073 |0.28 |0.19

0.28 0.50 0.64 |0.75 0.87 ]0.28 |0.25

0.25 0.34 0.72 |0.81 0.71 ]0.28 |0.23
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End of Table 3.14

Weighted decision | Reuse Recyc- | ife.  |EXPEC- Recy- |Imp- |Inte-
. led con- |- ted Re- :
matrix content |- time | o cling |act rest

lllegal end-of-life PV
module exports to
non-European coun-
tries

Poor logistics han-
dling in the reverse  |0.27 0.38 0.61 0.79 0.62 0.27 0.18
supply chain
Conventional PV re-
cycling is hardly 0.18 0.47 0.40 0.46 0.89 0.25 0.13
profitable

0.29 0.50 045 |0.75 0.72 1030 |0.25

The most critical constraint is illegal end-of-life PV module exports to non-Eu-
ropean countries. It affects reuse content and recycled content and impacts organisa-
tions and their interest in solving the constraint. Unpredictable volumes for reuse and
recycling are a critical constraint for improving the expected reuse of PV modules.
Hesitant exchange of information has the highest value for the lifetime indicator.
Lastly, immature recycling methods often result in downcycling. The constraint has
a very high score, e.g., 0.974 out of 1, for the recycling indicator. Table 3.15 shows
the final calculations based on the TOPSIS method. The performance ratio represents
the shortest distance to the ideal scenario (which equals 1).

Table 3.15. Ranking of the constraints from highest to lowest performance ratio

. Perfor- Rank-
Constraints -
mance ratio | ing

Hesitant exchange of information 0.974 1
Insufficient traceability of PV modules 0.867 2
Poor logistics handling in the reverse supply chain 0.747 3
Illegal end-of-life PV module exports to non-European

. 0.731 4
countries
Unpredictable volumes for reuse and recycling 0.661 5
Uncoordinated Legislation in Europe 0.627 6
Conventional PV recycling is hardly profitable 0.364 7
Insufficient purity of recyclates for reinsertion in PV product | 0.326 8
Immature recycling methods often result in downcycling 0.184 9
Insufficient value chain collaboration 0.182 10
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The hesitant exchange of information is closest to the ideal scenario com-
pared to the other alternatives. The insufficient value chain collaboration is fur-
thest away from the ideal scenario.

Table 3.16 shows the change in TOPSIS results with each additional organi-
sation input. A minimum of five organisation inputs are required, as each CSC
stage should be represented. After the sixth organisation’s input, the TOPSIS re-
sult does not change for the first ranking alternative, “hesitant exchange of infor-
mation”.

Table 3.16. Change in the TOPSIS ranking based on each additional organisation input

5 org. (from
e L N R A
stage) g. g. g. g. g. g.
Unpredictable vc_>|umes for 4 4 5 5 5 5 5
reuse and recycling
Insufficient value chain
. 9 9 7 6 6 9 10
collaboration
pncoordlnated Legislation 3 ) 3 4 4 4 6
in Europe
Insufficient purity of recy-
clates for reinsertion in 10 7 8 9 9 7 8
PV product
He5|tar.1t exchange of in- ) 1 1 1 1 1 1
formation
Insufficient traceability of
PV modules ! 1019 ! ! 8 2
Immature recycling meth-
ods often result in 8 9 10 10 10 10 9
downcycling
Illegal end-of-life PV
module exports to non- 1 3 2 2 2 2 4
European countries
Poor logistics handlmg in | . 5 4 3 3 5 3
the reverse supply chain
Conventional PV recy-
L . 7
cling is hardly profitable > 6 6 8 8 8

To investigate further whether there is sufficient input from the organisation
and whether TOPSIS results are consistent, the Kendal W coefficient is used. The
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coefficient is 0.809, which means there are a low number of ranking changes when
considering five to 11 organisations’ inputs (seven outcomes of TOPSIS results).
Table 3.16 shows the difference in the ranking of constraints based on coding and
the TOPSIS method.

Based on Figure 3.4, the hesitant exchange of information also affects trace-
ability, poor viability of circular business models and insufficient value chain col-
laboration (Nyffenegger, et al., 2024). The figure demonstrates how each of the
identified constraints is linked with the enabler and with the company’s circular
economy-related goals. Potential enablers for the hesitant exchange of infor-
mation are increased access to information on PV modules, taking responsibility
at EoL, engaging in EU PV industry standards and regulations, etc. Thus, the po-
tential solutions to address the hesitant exchange of information relate to policy
instruments and data exchange with traceability technologies.

Researchers have evaluated what would be the potential costs of introducing
technology to store information and allow traceability of the PV modules
(Radavicius etal., 2021). A near-field-communication (NFC) tag that costs
~0.30 EUR/piece can be in-laminated within the PV module. The integration of
the NFC system in the production line would cost around EUR 20,000 per 200
MW PV module production line.

As regards policy instruments, as interviewees and experts mentioned, there
is a lack of involvement from PV industry organisations. EU countries adopt di-
rectives differently in each EU country. Considering that over 90% of PV modules
are manufactured outside the EU, there is a need for higher involvement to de-
velop and improve policies to ensure circularity in the EU PV industry. With a
lack of domestic production, reuse, recycling, and longevity should be ensured to
the maximum point. At the moment, there is a lack of progress in ensuring that
imported PV modules meet the needs of circular strategies, from information shar-
ing to preventing EoL PV module exports from EU countries.

The second most relevant CE constraint is the insufficient traceability of PV
modules. This results in poor logistic handling in reverse supply chain and unpre-
dictable volumes for reuse and recycling. The least relevant constraints are imma-
ture recycling methods that often result in downcycling, insufficient value chain
collaboration, and insufficient purity of recyclates for reinsertion in PV produc-
tion. With the lack of waste, it is not possible to scale up various recycling ap-
proaches that could improve recyclability over time to avoid downcycling. It is
difficult to implement standards related to PV modules and the characteristics of
their components, such as size or dimensions, due to rapidly changing technology.
The highly competitive PV industry is not yet actively looking at recycled mate-
rials for insertion in PV components due to lack of it and potentially higher prices.
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Table 3.17 compares ranking constraints based on the constraints mentioned
in the interviews versus TOPSIS results. The table shows that prioritising con-
straints only based on the number of times the constraints are mentioned by inter-
viewees is not sufficient. By applying the TOPSIS method, which incorporates
criteria weighting and inputs from EU PV organisations, different ranking is es-
tablished.

Table 3.17. Comparison of ranking of constraints based on code texting versus TOPSIS
application

Ranking based |Ranking based

CE Constraints categories on the total on TOPSIS
number of codes | results

1. Unpredictable volumes for reuse and recycling {11 (1) 5

2. Insufficient value chain collaboration 8(2) 10

_3. Insufﬁment_purlty of recyclates for reinsertion 7 (3-4) 8

in PV production

4. Uncoordinated legislation in Europe 7(3-4) 6

5. Hesitant exchange of information 6 (5-10) 1

6. Insufficient traceability of PV modules 6 (5-10) 2

7. Immatu_re recycling methods often result in 6 (5-10) 9

downcycling

8. lllegal PV module exports 6 (5-10) 4

9. Ppor logistics handling in the reverse supply 6 (5-10) 3

chain

)1/(; Conventional PV recycling is not profitable 6 (5-10) 7

Overall, the results show that the hesitant exchange of information has the
highest ranking. The hesitant exchange of information is linked with other con-
straints, mainly insufficient value chain collaboration, poor viability of circular
business models, insufficient traceability of PV modules and poor logistics han-
dling in the reverse supply chain. The identified possible enablers are, for exam-
ple, taking responsibility at EoL, exploiting the potential of reuse, increasing ac-
cess to product information or using a product identifier. The findings show that
even though the top circularity constraint was identified, it should be addressed
by also considering other constraints as they are linked with each other. The iden-
tified solutions for the EU PV supply chain can be used to solve the most relevant
constraint. However, it should also be noted that when the constraints are inter-
connected, the selection of possible solutions should also be based on whether it
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would affect only the identified top-ranked constraint or would also help to over-
come other high-ranked constraints as well, especially if those constraints are
linked.

3.5.1. Theoretical discussion

The study by Franco and Groesser (2021) identified similar PV industry circular-
ity barriers relative to this dissertation’s results (barriers are referred to as con-
straints in this dissertation). The only missing barrier in their study was illegal PV
module exports, which this study identified as the fourth most relevant barrier to
solve. Mathur et al. (2020) identified two out of ten PV industry circularity barri-
ers analysed in this study. Tsanakas et al. (2020) also identified two out of 10
barriers in their study (same ones as Mathur et al., 2020). In the case of Rabaia
et al. (2022), their study had five out of ten barriers that match this study’s barri-
ers. In all these cases, the researchers did not analyse the barriers to identify their
significance. This study’s results advance the assessment of EU PV circularity
barriers by comprehensively analysing how the barriers affect the EU PV circu-
larity. The results allow for the prioritisation of barriers by their impact on the EU
PV circularity potential.

The CSC model proposed by lacovidou et al. (2020) looks at the wider sys-
tem, resource recovery system, and the processes of production, consumption and
management. It tackles the aspects of the legislative landscape, behaviours of the
actors, technology and motivation of businesses and the market to transition to
CE. While the model explicitly aims to understand the system’s challenges in
solving the constraint, it does not provide guidance on how to detect or analyse
those challenges. The model provided in the dissertation fills the gap by proposing
the system of CSC organisations to work together in determining constraints and
their effect on the system. Additionally, the aim is to prioritise the constraints to
solve the one that has the biggest impact. lacovidou (2020) also suggested that
further research is needed to assess and evaluate the challenges, which is exactly
what this dissertation is focused on by proposing a model and tool to identify and
assess the challenges that are referred to as circularity constraints.

Another approach to conceptualising CSC is proposed by Awan (2021). The
author focused on how the policies, user behaviour, market activities, etc., are
linked to the CSC stakeholders in terms of their strategies and expectations to-
wards CE. The research findings conclude that there is a high amount of linkage
between the CSC stakeholders and that cooperation should be based on positive
impact for more than one stakeholder. Specifically, the authors conclude that or-
ganisations need to be included in decision-making when tackling circularity is-
sues so that these organisations can identify where and how they fit in the CSC
model. The model proposed in this dissertation focuses on filling the gap of how
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to include the CSC organisations in making changes to CSC for improved circu-
larity. It is achieved by integrating feedback from CSC organisations in determin-
ing and evaluating CSC circularity constraints by considering circularity con-
straints’ impacts on each organisation.

In this research, the evaluation of circularity barriers, referred to as con-
straints, was conducted using a three-step approach: (1) a list of indicators, (2) the
Delphi method to assign weights to the indicators, and (3) the TOPSIS method to
rank the constraints. The evaluation also required inputs from the PV organisa-
tions in terms of how they see circularity constraints affecting indicators. The in-
puts were provided from 1 (low impact) to 5 (high impact) by 11 PV organisations
from different circular supply chain stages. This method of collecting input relies
heavily on the perceptions of organisations and their representatives regarding
constraints. These perceptions are significantly influenced by the CSC stage they
are in and their experience. To address this limitation, interviewees’ comments
were collected to understand the reasoning behind their inputs. This step provided
insights into the background of their perspectives on EU PV CSC circularity con-
straints. By considering these comments, readers and researchers can assess
whether the interviewees comprehended the task of providing inputs by evaluating
how constraints affect circularity.

To ensure enough organisations were interviewed for input collection, it is
important to demonstrate consistency of ranking with each additional inter-
viewee’s input. Table 3.16 shows that after six interviewees’ input, there was no
change in the first rank of circularity constraint. The second, third and further
ranks changed with each additional interviewee’s input. Thus, the results demon-
strate that the consensus on the highest circularity issue by the industry is agreed
only for the first circularity constraint.

To ensure there are no significant fluctuations in the rankings, the Kendall W
coefficient was used. TOPSIS ranking results were generated starting from the
input provided by five organisations (representing five CSC stages) and included
additional inputs incrementally from six to 11 organisations, resulting in seven
different rankings of circularity constraints. The Kendall W coefficient indicated
a high agreement, with a value of 0.809, demonstrating no significant fluctuations
in the rankings from the input provided by 11 organisations. Given the five CSC
stages and the limited number of EU PV organisations (except for the usage stage),
obtaining a higher number of interviews was challenging. Future research in an
industry with a larger number of organisation inputs from CSC stages could po-
tentially yield more consistent testing results.

Compared to Mhatre et al. (2023) and Gedam et al. (2021) studies of priori-
tising circularity barriers, this study differs in terms of unique indicator systems
and ensuring that the barriers (referred to as constraints in this study) are not
standalone obstacles in an industry. The constraints that were identified from the
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previous research by Nyffenegger et al. (2024) consisted of semi-structured inter-
views with EU PV organisations. The text coding ensured that the circularity con-
straints reflect at least two circular supply chain stage actors, such as a product
manufacturer and recycler.

The limitation of this study is a rather small number of interviewed repre-
sentatives of EU PV organisations, especially from the “usage” stage of the circu-
lar supply chain, which contains a substantial number of PV organisations dealing
with PV systems’ installation or distribution. An additional limitation is the num-
ber of constraints that were assessed. Beyond ten constraints could be assessed if
a different input collection method (structured interviews) would have been used.
The current method limited constraints to ten as a higher number would have pro-
longed interviews beyond one hour, which would have created a risk of finding
interviewees due to the extensive time requested.

The application of constraints within the context of circular supply chains
allowed the identification of circularity constraints at the circular supply chain
level. The theory of constraints in this study was adapted in the context of a cir-
cular supply chain instead of the mainstream context of manufacturing. The meas-
urement unit to determine a constraint in this study was the proposed indicators
instead of productivity-related indicators in a manufacturing context. This study
broadened the application of the theory of constraint within the circular economy
field, specifically for identifying circularity constraints within circular supply
chains. Further research could use the proposed constraints identification, indica-
tor system, indicators weighting method and inputs collection method for other
industries.

3.5.2. Practical discussion

The top-ranked circularity constraint is the hesitant exchange of information. This
constraint encompasses a lack of available information, such as PV module mate-
rial composition, traceability data, reasons for PV module failures, and data on
end-of-life PV waste management (collection, reuse, export for second-hand ap-
plications, etc.). The industry shows low incentives to address this issue inde-
pendently as the upstream supply chain is located outside the EU, and the down-
stream supply chain is not regulated to manage this information. Additionally,
there is very little pressure from the industry itself to implement these solutions.
The pressure is little due to the small number of recyclers or reuse organisations.
These companies are currently very small and do not have the resources to partic-
ipate in policy recommendations. Thus, the industry is slow to develop these so-
lutions. It will be inevitable that these solutions will be made when there will be
significant waste in the EU. However, the longer the delay in ensuring the disclo-
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sure of materials in new PV modules, the longer the EU will accumulate PV mod-
ules without proper information on them. To address this issue, three intercon-
nected solutions are proposed:

— Product circularity datasheet: PV manufacturers should be obligated
to disclose data on material content. This data should include component
material content above a 0.1% weight-to-weight ratio and specific mate-
rials of concern, such as silver content and hazardous materials (phospho-
rus, fluorine, lead, and cadmium). Disclosure of this data would allow
EoL organisations to manage their activities more efficiently.

— Regulating EoL organisations on data collection: Each EU state cur-
rently regulates different operations of waste collectors and organisations
dealing with PV module repair/reuse with their internal databases. A min-
imum requirement could be proposed for these organisations, such as to
collect data on PV module failure reasons and send it to PV module pro-
ducers. This solution would enable feedback collection at the down-
stream supply chain about PV module failures, which could then be used
by the upstream supply chain to improve their PV products. Additionally,
recyclers would have higher precision in forecasting waste streams.

— Establishing an EU-wide database on PV circularity data: Each PV
waste collector currently maintains its database of PV modules entering
the market and pays an extended producer responsibility fee. Centralising
these databases and including traceability requirements (minimally by
barcodes for each PV module) with other data from EoL organisations
would improve the effectiveness and efficiency of EoL processes. This
would also enhance the longevity of PV modules, as data could be sent
to original PV module producers, allowing them to learn from PV module
failure data (e.g., encapsulation material issues and junction box failures).

The digital passport regulation for PV modules is expected to come into force

by 2025-2026. This study highlights the importance of its application to its full
extent, to include all types of materials within the materials passport. From the
main author’s experience, who has partaken in a working group providing recom-
mendations on the digital passport for PV modules, some propositions mention
only specific materials, such as toxic materials or critical raw materials. For high-
value recycling, it is essential to list all of the materials. The current policy of the
digital passport regulation does not solve the data accessibility issue. It is not
enough that each organisation has a materials passport document somewhere
stored on its website. For fluent data access and automatisation, a database is es-
sential to host and manage the information regarding digital passports of PV mod-
ules.

Additionally, the European Commission has initiated a review of the di-

rective for waste from electrical and electronics equipment (WEEE) due to the
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difficulty of implementing it by extended-producer-responsibility organisations.
The results of this study suggest that EPR organisations’ databases should be cen-
tralised to ensure the implementation of WEEE directive objectives, such as reuse,
repair, and recycle. This study also suggests that by integrating data on waste col-
lectors, reuse organisations, etc., the database would work more effectively. This
solution would also allow for the tracing back of the PV waste that is exported
outside the EU, which is often illegal. At the moment, none of the known drafted
EU policies aim to solve the issue of PV exports outside the EU.

Three policy actions are proposed for policymakers. They aim to improve
circularity in the EU PV circular supply chain. As this research demonstrates the
essential factor of the information exchange constraint, the first step for the suc-
cessful design and implementation of the policies is gathering feedback from EU
PV organisations in terms of what types of information are relevant to be stored
in the database or the PV circularity datasheet and how it should be handled,
stored, accessed, etc. The PV industry organisations can start to disclose their de-
tails on the best suitable recycling processes for their PV modules or list materials
present in the PV module. This step should allow higher circularity in the long
term, as due to the wide variety of PV modules, the whole industry should stand-
ardise the practices of information sharing. At the moment, voluntary-based data-
bases for disclosure product materials, such as Sweden-based Sundahus, can be
used to store PV module-related data in third-party databases.

3.5.3. Application analysis of the theoretical framework model
for the circular supply chain

The proposed theoretical framework model to improve CSC performance was
based on analysed theories. The most evident theories were the constraints,
knowledge management, resource-based view and resource-dependency theories.
Three questions were formulated to analyse the supply chain circularity, based on
which the tool and research methods were proposed for identifying and assessing
circularity constraints:

1. Which knowledge is required for circular purposes, and how can it be ac-
quired or created?

2. What current resources do organisations possess for circularity purposes,
and what limitations do organisations have to achieve higher levels of circularity?

3. What are the constraints for achieving CE strategies within CSC?

The theory of constraints was used to identify the constraints limiting the
growth of CE in the supply chain. The theory was used to answer the following
question (Table 1.5): “What are the constraints for achieving CE strategies within
CSC?” To answer the question, a total of 20 constraints were identified, with 10
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of them analysed in further research by gathering inputs from organisation ex-
perts. For example, the silicon material producer does not handle waste properly,
leading to difficulties in its treatment by the recycler. The company goals within
CE were also analysed to reflect on CE strategies that organisations aim for. Table
3.3 lists the goals, with 12 out of 20 experts indicating that “closing the loop” is a
more relevant CE strategy. The other most mentioned strategies were related to
the reduction of carbon footprint and expansion of the European recycling busi-
ness.

The knowledge management theory was incorporated into the proposed
model to answer the following question: “Which knowledge is required for circu-
larity purposes, and how can it be acquired or created? ” The model also incor-
porates the following statements for assessing CSC: (1) what knowledge is re-
quired to develop circular processes, (2) how the knowledge should be integrated
within the organisation’s process. The required knowledge within a CSC is re-
flected through the identified hesitant exchange of information constraint, which
was also ranked as the Top 1 constraint limiting circularity within the EU PV
supply chain. Based on semi-structured interviews with the experts, the
knowledge related to (1) environmental product declarations of LCA, (2) infor-
mation on materials content, (3) information on waste, and (4) data on PV module
failure reasons. An analysis of how it can be acquired was made using enablers,
mainly the “implement internal and third-party certification/standardisation”, “in-
crease access to product information”, and “collect data to assess sustainability
metrics (LCA/EPD)”. The experts face issues in developing circular processes,
e.g., high-value recycling, without having access to product history. The analysis
of “how the knowledge should be integrated within the organisation’s process”
was achieved by synthesis of the experts’ inputs to develop recommendations in
handling the EU PV end-of-life operators’ data through a centralised database and
establishing product circularity datasheets.

The analysed resource-based view and resource-dependency theories were
employed to formulate the following question: “What current resources do or-
ganisations possess for circularity purposes, and what limitations do organisa-
tions have to achieve higher levels of circularity?” The question is answered
through the statement analysis indicated in the model: (1) access to circular ma-
terials, components and products, (2) access to a sufficient amount of end-of-life
products and their data for high-value recycling and other EoL processes, (3) to
design circular materials, components, and products, and (4) to develop and
maintain circular processes. These statements were analysed through semi-struc-
tured interviews with the EU PV organisation experts. The current resources re-
quired for circular processes for EU PV supply chain organisations were identified
through organisations’ goals, as they already implement CE principles to some
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degree. The following resources were identified: (1) high-value recycling equip-
ment, (2) infrastructure for PV modules reuse, and (3) recyclable plastics. The
limitations to utilise the resources were found to be a lack of constant supply of
EoL PV waste, fragmented regulation across EU countries and the lack of incen-
tives for a circular PV module design. The access to circular MCPs was analysed
through constraints, mainly the “fluctuating supply of byproducts” and “insuffi-
cient purity of recyclates for reinsertion in PV production”. Access to a sufficient
amount of EoL products and their data was analysed by exploring the constraints
of “unpredictable volumes for reuse and recycling” and “hesitant exchange of in-
formation”. The organisations’ capabilities to design circular MCPs were ana-
lysed through the constraints. Those capabilities are limited due to the low amount
of high-value secondary materials used in the products. Additionally, the recycla-
bility or PV module design is limited due to a lack of feedback from the down-
stream supply chain, i.e., design features required to make products more efficient
in the recycling process. Organisations’ capabilities to develop and maintain cir-
cular processes, mainly the closed-loop supply chain and growth of PV module
reuse processes, are currently limited. One of the key limitations is the illegal ex-
port of PV modules to non-EU countries. Due to this, the recyclers are not getting
sufficient amounts of PV modules, which prohibits them from investing in high-
value recycling processes. Even though some of the recyclers have the equipment,
the EoL product flow is poorly managed, resulting in an inability to produce sec-
ondary materials by the recyclers.

The findings reveal that the application of the theoretical model allows for
the identification of concrete constraints within the supply chain. The most rele-
vant constraint was identified as the hesitant exchange of information. The results
also include potential enablers to overcome the constraints, as seen in Table 3.2.
The limitation of the theoretical framework model is that it does not explore how
the constraints are dependent on each other. As discussed, the hesitant exchange
of information is heavily linked with other constraints, such as insufficient trace-
ability of PV modules. Even though possible enablers are proposed, e.g., increased
access to product information, it is not clear whether implementing it will address
the hesitant exchange of information constraint and other linked constraints to it.
A further analysis of the enablers is required to determine if they would suffi-
ciently address the constraints to increase circularity within the supply chain.

The assessment of the EU PV circular supply chain was done according to a
proposed theoretical framework, which was based on knowledge management
theory, resource-based view theory, resource-dependency theory and theory of
constraints to assess supply chain circularity. The theory of constraint relevance
is unlikely to change, as all types of systems have some constraints limiting their
performance. The knowledge management theory is evolving due to new capabil-
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ities for the rapid exchange of information and intellectual property of organisa-
tions. With a higher throughput of information across organisations, the relevance
of knowledge management may diminish in future supply chains as it becomes
less difficult to acquire relevant information with rapidly evolving information
technologies. The resource-based view suggests that an organisation should utilise
its strengths in competition. With increasing interdependence across the supply
chain actors, especially in the circular supply chain, as the dissertation’s results
show, one organisation can improve circularity only to a limited degree without
cooperating. While the theory allows for the determination of the bottleneck of
circularity performance when cooperation is not in the equation, it is becoming
less critical. Organisations are becoming more aware of an impossible significant
improvement in circularity when working single-handedly, using their resources
alone. The resource-dependency theory suggests that it is essential to cooperate to
access relevant resources for the organisation. The theory will likely increase in
relevance as evidenced by the dissertation’s results; the supply chain actors must
pool their knowledge and resources in a coordinated manner to, for example, en-
sure closed-loop circular economy strategies.

The influence on CSC actors comes from regulatory factors, networks, and
stakeholders. The un-even approach of regulatory factors was identified, e.g., dis-
closing specific data or different approaches to enforce EoL management for the
product manufacturer. The inability of the supply chain to improve the quality of
the recyclates results in their flow to other industries. While the recyclers could
potentially improve recycling processes, they are not receiving sufficient amounts
of waste. This is because one of the main stakeholders influencing the perfor-
mance of CSC organisations that buy and resell the EoL PV modules. They are
responsible for the leakage of PV waste outside the EU, which could otherwise be
processed by the recyclers or reuse organisations.

A tool for identification and assessment of the constraints was proposed with
a list of indicators and sequence of the following steps: (1) semi-structured inter-
views with CSC actors, (2) transcripts text-coding to identify CE constraints, en-
ablers and goals, (3) weighing nine indicators by CSC experts, (4) collection of
inputs from CSC actors, and (5) the TOPSIS application to identify most relevant
CSC CE constraint. The use of semi-structured interviews in combination with
text coding allowed for the identification of circularity constraints. The research
results indicate that there was a sufficient amount of semi-structured interviews
made with the experts as after the 7th interview, the number of unique constraints
identified decreased significantly (Fig. 2.2). The evaluation of those constraints
on organisations’ CE performance was achieved through the Delphi method, col-
lecting inputs from 12 experts of EU PV supply chain organisations and employ-
ing the TOPSIS method. The Delphi method, composed of six experts, was used
to provide weights for the proposed indicators to measure circularity. While two
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indicators were irrelevant to consider, as stated by the experts, it was due to EU
PV supply chain specifics that use no biomass-based products. Two rounds were
sufficient to achieve a high consensus between the experts. The collected input
from experts of EU PV organisations regarding their perception of how constraints
affect the indicators were analysed by conducting TOPSIS decision-making. It
was sufficient to use input from at least six experts to achieve a stable position of
the Top 1 constraint, which was the “hesitant exchange of information” (Table
3.16). Also, minor ranking changes were found for the rest of the constraints when
adding subsequent expert data, from 6 to 11, as it resulted in the Kendel W coef-
ficient of 0.8.

The dissertation’s goal was to propose a theoretical model of a circular sup-
ply chain. The proposed model includes an assessment of the circular supply chain
to improve the CSC performance. The theoretical framework was applied to the
EU PV supply chain to identify and assess constraints via the proposed tool. The
results revealed that the proposed tool is suitable for determining specific CSC
constraints and allows for the analysis of the impact constraints have on organisa-
tions’ CE performance to rank the constraints. The dissertation also suggested
practical recommendations based on which cooperation can be achieved, and the
constraints can be solved.

3.6. Conclusions of the Third Chapter

1. The PV industry consumes a lot of resources, such as aluminium, glass,
silver, copper, and silicon. There is little upstream supply chain presence
in the EU; over 90% of the components are manufactured in Asia, mainly
China. Three main challenges for the EU PV circular supply chain are:
(1) production of components that are required to generate renewable en-
ergy is concentrated outside the EU, (2) high material consumption, espe-
cially for silver and copper, and (3) underdeveloped end-of-life processes.
Thus, the industry is highly important in terms of circularity benefits to
reduce dependency on raw materials.

2. After semi-structured interviews and text coding using the MAXQDA
program, CE constraints, enablers, and goals were identified. Based on
the number of codes from the interview transcripts, rankings were made
for the code categories. The Top 3 constraints were: (1) unpredictable
volumes for reuse and recycling, (2) insufficient value chain collabora-
tion, and (3) insufficient purity of recyclates for reinsertion in PV produc-
tion. The Top 3 potential enablers to address constraints were: (1) imple-
menting internal and third-party certifications/standardisation, (2) scaling
up industrial recycling, and (3) increasing access to product information.
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The Top 3 goals of EU PV organisations in terms of circularity were:
(1) closing the loop, (2) reduction of carbon footprint, and (3) expansion
of the European recycling business. The results demonstrate a variety of
circularity issues within the industry and potential solutions to address
them.

Two Delphi rounds were conducted to determine weights for the indica-
tors. Six experts ranked nine criteria. After the first round, two indicators
were eliminated, e.g., biomass content and outflow recirculation in the
biological cycle. These two indicators were irrelevant for the PV industry
due to the presence of wood or similar renewable content. The first round
resulted in a W coefficient of 0.30 (out of 1). The closer it is to 0, the less
agreement is between the experts on which indicators are more relevant
than others. The second round concluded with a W coefficient of 0.72,
which demonstrates a strong agreement between the experts.

Twelve EU PV organisation representatives were interviewed in a struc-
tured way to determine their perceptions of the constraints on indicators,
from 1 (low impact) to 5 (high impact). PV organisations see that indica-
tors, such as reuse content, are hardly possible in the PV industry due to
changing technologies and components. Considering the 25-30-year life-
time of PV modules, it is difficult to use secondary components in new
PV modules. However, interviewees agree that it is important to know
data on PV modules, such as what is it made of, to allow circularity pro-
Cesses.

The application of TOPSIS to determine which constraint is most relevant
resulted in the hesitant exchange of information being ranked first. The
constraint is related to other issues, such as the lack of traceability on PV
modules. The solution for the top one constraint relies on policy instru-
ments and data storage with exchange solutions for the industry to imple-
ment. With the hesitant exchange of information receiving 0.974 out of 1
performance ratio, it demonstrated that there is an almost full consensus
of which constraint needs to be prioritised.



General conclusions

1. The literature review revealed a complex system of circular supply chains.
Multiple stakeholders are required to ensure circularity in any industry.
The impact of circular supply chain actors accumulates throughout the
circular supply chain, resulting in limited options for the downstream sup-
ply chain to improve circularity. By integrating knowledge from all steps
of the circular supply chain, a broad view of circularity issues and poten-
tial solutions can be analysed and proposed.

2. The dissertation expands the application of the theory of constraints by
applying it to the CSC system. Furthermore, the resource-dependency and
resource-based view theories are analysed to identify capabilities and re-
sources that the CSC requires to improve circularity. The knowledge man-
agement theory was analysed to investigate the required information and
how it should be managed by CSC.

3. Based on the literature review and 1SO 59020 standard, the main circular
economy indicators were used to measure circularity constraints. Those
indicators, such as recycled content or reuse content, are universal indi-
cators applicable to most industries. Two additional constraints were in-
cluded based on cooperation theory and resource-based view: the impact
of constraint on organisation circularity potential and organisation interest
in solving the constraint. The combination of the indicators within one
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system results in the capability to measure various types of constraints
that might be diverse depending on the selected industry.

The theory of constraints, resource-based view theory, resource-depend-
ency theory, and knowledge management theory were integrated into the
theoretical framework model of a circular supply chain. The proposed
theoretical framework model aims to improve CSC circularity by as-
sessing CSC circularity constraints and equally involving all of the organ-
isations in the assessment process. The first two steps, the identification
and assessment of constraints, are the focus of the dissertation.

The proposed tool consists of an indicator system to measure CSC circu-
larity and steps to assess circularity constraints. The application of the tool
revealed a list of 20 EU PV industry constraints that limit the industry’s
circularity. The constraints are diverse, from cooperation to technological
challenges. Nineteen constraints were mentioned by at least two different
supply chain stage representatives, meaning almost all of the constraints
cannot be solved by organisations single-handedly.

The TOPSIS method application resulted in the selection of the most im-
pactful constraint: the hesitant exchange of information. With most of the
production within the PV industry happening in Asia, information access
is limited. A policy approach of the European Commission, EcoDesign,
digital product passports or Net-Zer-Industry-Act, can be utilised to solve
the constraint. Otherwise, as the results show, the EU PV industry will
not overcome the constraint as it has limited power to influence Asia’s
PV supply chain.

The dissertation results allowed for the identification of potential ena-
blers, which can serve as a further step in the establishment of cooperation
and the solving of constraints. Compared to other research on identifying
and analysing PV industry circularity issues, this study involves different
actors of the EU’s PV CSC equally by connecting their insights (con-
straints, barriers, and enablers) to identify the most relevant CE constraint.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Pasaulio ekonomika susiduria su baitinybe pereiti prie ziedinés ekonomikos. IStekliy trii-
kumo ir biitinybés uztikrinti Saliy ir regiony atsparumg klimato kaitos kontekste lemia or-
ganizacijy veiklos poky¢ius. Vienas i§ poky¢iy, ypaé¢ svarbus verslo jmonéms, susijes su
organizacijos funkcijy valdymu, bendradarbiavimu su tiekéjais ir kitais suinteresuotaisiais
subjektais. Siekiant uztikrinti, kad jvairios organizacijos ZE ekosistemoje turéty atitinka-
mas procediras ir procesus, reikalingi aiskas metodai, kaip tai jgyvendinti.

Organizacijos noriai tyrinégja ZE esanias galimybes, siekdamos padidinti savo
verslo konkurencinguma, rasti naujas rinkas, verslo modelius ir pan. Tac¢iau galimybes
igyvendinti ir tobulinti ziedinius procesus paprastai riboja organizacijy turimi istekliai. Tai
lemia, kad démesys sutelkiamas j susiaurintas strategijas, pavyzdziui, toksisSky medziagy
pakeitimu netoksiSkomis medziagomis, medziagy suvartojimo mazinimg ir pan.

Kalbant apie ciklo uzdarymo arba sulétinimo strategijas, vienas veiksmas grandinéje,
vykdomas nebendradarbiaujant su kitais ekosistemos dalyviais, gali lemti ribota ZE tai-
kymg. Organizacijoms nei§vengiamai reikia bendradarbiauti su savo tiekimo grandine,
kuriant Ziedinius procesus, siekiant pagerinti medziagy, komponenty ir gaminiy pakarto-
tinj naudojima, perdirbima ir remonta. Pagrindinis vyraujantis pozitiris — produkty gamin-
tojai turi vadovauti ziediniy procesy plétojimo iniciatyvai. Dél Sio pozitirio daugiausia dé-
mesio skiriama gamintojy ziediskumui gerinti, kas lemia nebitinai visos tiekimo
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grandinés ziediSkuma. Taigi, iSkyla problema, kad organizacijoms reikia metody, kaip
dirbti savo tieckimo grandinéje, kad kartu su kitomis ekosistemos dalimis palaipsniui pa-
gerinty ziediskuma.

Darbo aktualumas

Saulés fotovoltikos tiekimo grandinéje, kurioje dauguma komponenty gaminami ne Euro-
poje, ziediskumo poreikis yra labai svarbus. Kyla i$stikiy, kaip sistemingai valdyti tieckimo
grandinés organizacijas, kad biity pagerintas visos tickimo grandinés ziedi§kumas. Diser-
tacijoje pateikiamas teorinis ziedinés tiekimo grandinés modelis, skirtas tickimo grandinés
ziediskumui didinti. Taip pat pateikiamas jrankis tiekimo grandinés ziediSkumo apriboji-
mams nustatyti ir jvertinti. Europos Sajungos (toliau — ES) saulés fotovoltikos tiekimo
grandinés ziediskumo svarba iSaugo dél Europos Komisijos (toliau — EK) pasiiilyto regu-
liavimo mechanizmo, kuriuo siekiama remti ,,Net-Zero* technologijas, jskaitant saulés fo-
tovoltikg. Tikimasi, kad iki 2030 m. ES saulés fotovoltikos pramonés gamybos apimtys
padidés nuo vos 6 GW fotovoltiniy moduliy gamybos iki 30 GW — nuo silicio gamybos
iki galutiniy fotovoltinio moduliy gaminimo. Pramonés augima remia paskatos, numatytos
,»Net-Zero Industry Act“. Jos taip pat susijusios su Ziedine ekonomika, pavyzdziui, iSme-
tamo CO kiekio mazinimu. Ziedinés ekonomikos apribojimy jvertinimas leidzia ES sau-
les fotovoltikos tiekimo grandinei didinti savo gamyba ES, atsizvelgiant j ZE apribojimus,
su kuriais susiduria tiekimo grandiné.

Tyrimy objektas

Darbo tyrimo objektas — ziediniy apribojimy vertinimas Europos Sajungos fotovoltikos
tiekimo grandinéje.

Darbo tikslas

Darbo tikslas — sukurti teorinj tiekimo grandinés ziediskumo vertinimo modelj, kurio pas-
kirtis yra padidinti ziediskuma pasirinktoje tiekimo grandinégje.

Darbo uzdaviniai

Darbo tikslui pasiekti sprendziami §ie uzdaviniai:

1. ISanalizuoti literatiirg apie ziedinés ekonomikos principus tiekimo grandinéje.

2. Isanalizuoti teorijas ir sampratas, padedancias nagrinéti ziediSkumo apribojimus
tiekimo grandinéje.

3. Sudaryti rodikliy sistema, skirtg tiekimo grandinés Ziediskumui vertinti.
Pasitlyti ziedinés tiekimo grandinés teorinj model;.

5. Pasitlyti ir pritaikyti priemong norint jvertinti ziediSkumo apribojimus, ir iden-
tifikuoti galimus apribojimy sprendimus Europos Sajungos saulés fotovoltikos
tiekimo grandinéje.
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Tyrimy metodika

Darbo tikslui pasiekti naudota keletas metody. Literatros apzvalga buvo pasitelkta anali-
zuojant ziedinés ekonomikos principy taikymg tiekimo grandinése ir siekiant pasialyti ro-
diklius bei ziedinés tickimo grandinés teorinj modelj. Pusiau struktiiruoti interviu buvo
naudojami siekiant surinkti organizacijy vertinimus apie dabartinius ZTG apribojimus. In-
terviu transkripcijy kodavimas naudotas ziediskumo apribojimy kategorijoms nustatyti.
Siekiant nustatyti rodikliy svorius, taikytas Delphi metodas. Strukttruoti interviu naudoti
siekiant nustatyti, kaip organizacijos suvokia ziediskumo apribojimy poveikj rodikliams.
Galiausiai, TOPSIS metodas buvo naudojamas ziediskumo apribojimams nustatyti pagal
ju poveiki tiekimo grandinei.

Darbo mokslinis naujumas

Vyraujant tyréjy pozitriui, kai ziediSkumo démesys sutelkiamas tik j vieng ar kelias orga-
nizacijas, siame darbe valdymo praktika nagrinéjama Ziedinés tiekimo grandinés lygme-
niu. Sitlomas Ziedinés tickimo grandinés teorinis modelis, kuriame dalyvauja visos ZTG
organizacijos, sickianc¢ios nuolat tobulinti ziediskuma.

Darbe sitilomas rodikliy, skirty ziediSkumui vertinti tiekimo grandinéje, sarasas. Ro-
dikliais pagrjsta vertinimo priemoné¢ padeda nustatyti svarbiausius ZE apribojimus tie-
kimo grandinéje. Sistema apima du rodiklius, kurie yra naujové moksliniy tyrimy srityje.
Jie padeda jvertinti: (1) ar ZiediSkumo apribojimai daro poveikj organizacijos veiklai ir (2)
ar organizacija yra suinteresuota bendradarbiauti sprendziant apribojimus. Panaudojus ro-
diklius kartu su TOPSIS metodu galima nustatyti, kurj apribojima svarbiausia likviduoti
norint didinti ziediskuma. Pasitilytas teorinis modelis leidzia jtraukti visas organizacijas
tiekimo grandingje, siekiant pagerinti ziediskuma. Jis taip pat praplecia vadybos sritj, Su-
teikdamas galimybeg sisteminti tiekimo grandinés lygmens informacijg tam, kad buty ga-
lima nustatyti ziediskumo apribojimus ir juos prioritetizuoti.

Darbo rezultatai prapleéia apribojimy teorijos taikyma vadybos srityje — nuo gamy-
binés pramonés aplinkos j ziediskumo apribojimy identifikavimo tiekimo grandinése.
Kiekviena suinteresuotyjy Saliy grupé pristatoma tiekimo grandinés etapuose — nuo me-
dziagy gamintojy iki perdirb&jy. Tyrimo rezultatai rodo, kad sékmingam ziedinés ekono-
mikos sistemos tobulinimui tiekimo grandinése bitinas suinteresuotyjy $aliy bendradar-
biavimas, jy darbas iSvien nustatant apribojimus ir jy poveikj. Rezultatai taip pat nurodo,
kad tiekimo grandinés organizacijos, atsizvelgiant j iStekliais pagristo pozitirio, priklauso-
mybés nuo i8tekliy ir ziniy valdymo teorijas, turi ribota galimybe didinti Ziediskuma pa-
vienése organizacijose dél priklausomybiy nuo kity tiekimo grandinés dalyviy.

Darbo rezultaty praktiné reikSmé

Disertacijos iSvadose nurodomi ziediskuma varzantys ES saulés fotovoltikos tiekimo
grandinés apribojimai. Pasitlyta priemoné palengvins valstybiy ir organizacijy darbuotojy
gebéjimus vertinant Ziedinés ekonomikos apribojimus tiekimo grandinése.

Disertacijos i§vados buvo panaudotos rengiant ES programos ,,Europos horizontas*
RETRIEVE projekto koncepcija, kuri gavo finansavima i§ Europos Sajungos ,,Europos
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horizontas* moksliniy tyrimy ir inovacijy finansavimo programos pagal dotacijos susita-
rimg Nr. 101122332 (Reintegration of photovoltaic panel waste back into manufacturing
as high value products, n.d.).

Rezultatai taip pat buvo panaudoti teikiant grjZztamajj rysj Lietuvos valstybinio au-
dito institucijai ,,Valstybés kontrolé®, rengiant vertinimo tema ,,Pasirengimas saulés ir
véjo jégainiy, energijos kaupimo jrenginiy atlicky utilizavimui*.

Ginamieji teiginiai
Disertacijoje ginami $ie teiginiai:
1. Sitloma ziedinés ekonomikos rodikliy sistema, skirta tiekimo grandinés apribo-
jimy poveikio ziediskumui jvertinti.
2. Siulomas teorinis modelis, skirtas tiekimo grandinés ziediskumui jvertinti.

3. Sitlomas jrankis, skirtas ziediniams apribojimams vertinti ir identifikuoti jy ga-
limus sprendimus.

Tyrimo rezultaty aprobavimas

Disertacijos tema paskelbti 5 moksliniai straipsniai. Dvi publikacijos paskelbtos mokslo
zurnale, jtrauktame | Web of Science Science Citation Index Expanded, du straipsniai —
kituose tarptautiniuose recenzuojamuose Zurnaluose, vienas — recenzuojamoje tarptauti-
nés konferencijos medziagoje.
Disertacijoje atlikty tyrimy rezultatai buvo paskelbti 4 mokslinése konferencijose
Lietuvoje ir uzsienyje:
— International Scientific Conference Contemporary Issues on Business, Manage-
ment and Economics Engineering, 13-4 Geguzeé 2021, Vilnius, Lietuva.
— International Scientific Conference Business and Management 2023, 11-12
Geguzé 2023, Vilnius, Lietuva.
— International Scientific Conference 40" European Photovoltaic Solar Energy
Conference and Exhibition, 18-22 Rugséjis 2023, Lisabona, Portugalija.
— International Scientific Conference 41 European Photovoltaic Solar Energy
Conference and Exhibition, 23-27 Rugséjis 2024, Viena, Austrija.
Doktorantiiros studijy metu atlikta moksliné stazuoté:
— 2023 m., Berno taikomyjy moksly universitetas, Bielis, gveicarija.

Disertacijos struktira

Disertacijg sudaro §ios dalys: jvadas, trys pagrindiniai skyriai (Priedas A), bendrosios i$-
vados, literatiiros sgrasas, autoriaus moksliniy publikacijy disertacijos tema sgrasas ir prie-
dai. Darbo apimtis be priedy — 160 puslapiai. Rasant disertacijg buvo panaudoti 187 lite-
rattiros $altiniai.



SUMMARY IN LITHUANIAN 155

1. Teorinis poziiris j ziedine tiekimo grandine: teorijos ir
sampratos

Siame skyriuje apzvelgiama Ziedin¢ ekonomika (toliau — ZE), nagrinéjant tiekimo grandi-
nés vaidmenj pereinant prie ZE, pagrindines strategijas, ZE tiekimo grandinei jtaka daran-
Cias teorijas ir sgvokas, svarbiausius veiksnius bei rodiklius, ir pateikiamas Ziedinés tie-
kimo grandinés modelis.

Literatiiros apie ZE ir Zieding tiekimo granding apzvalgoje teigiama, kad organizaci-
jos gali pagerinti ziedinés grandinés veiklos rezultatus (padidinti perdirbima, pakartotinj
naudojima ir t. t.) bendradarbiaudamos su ziedinés tiekimo grandinés ,,veikéjais* (Verba-
nov et al, 2021). Problema, susijusi su ziediniy procesy kiirimu, yra tai, kad organizacijos
yra priklausomos viena nuo kitos. Organizacijy tikslai ir jy ZE strategijos priklauso nuo
kity organizacijy, pavyzdziui, perdirbéjy, kurie gali uztikrinti didelés vertés perdirbimg ir
sugrazinti medZiagas atgal | sistema Kaip antrines. Perdirbéjo tikslui pasiekti gali trukdyti
nestandartizuotas produkty medziagy sudéties dalijimosi budas.

ZE strategijos ir jy metodai moksliniy tyrimy srityje pirmiausia orientuoti j vienos
organizacijos perspektyva (Blomsma et al., 2019). Pasirinkus jgyvendinti tik vienos orga-
nizacijos ZE tikslus, ta¢iau nejtraukiant kity tiekimo grandinés organizacijy, nei$naudoja-
mas visas ZE potencialas, todél pazanga yra ribota. Taigi metodas, kuris sprendziant ZE
problemas pasitelkia visos tiekimo grandinés organizacijos, suteikia didZiausia ZE augimo
potencialg (Jargensen and Remmen, 2018).

Atlikta teorijy ir sampraty apzvalga, siekiant nustatyti teorinius ziedinius tiekimo
grandinés jgyvendinimo sprendimus. Aiskiai iSreikstos (angl. explicit) ir numanomos Zzi-
nios (angl. implicit) atlieka svarby vaidmenj didinant organizacijy pajéguma siekti ziedis-
kumo. Panaudojant visas ziedinés tiekimo grandinés Zinias, galima plétoti bendradarbia-
vimg siekiant i§spresti apribojimus, ribojancius ZE taikymga organizacijose.

Organizacijy motyvacija dalyvauti koordinuojant ziedine tiekimo grandine yra siekis
jgyti konkurencinj pranasumg. Norint iSmatuoti ziediSkumo nauda, kurig organizacija
gauna i§ Ziedinés tiekimo grandinés, reikalingi rodikliai. ZE vertinti sitilomi rodikliai su-
sije su produkto perdirbimu, antriniy Zzaliavy naudojimu, organizacijy motyvacija spresti
apribojima ir pan. Sie rodikliai skirti matuoti apribojimus pasirinktoje tickimo grandinéje,
siekiant jvertinti, kaip jie veikia tiekimo grandinés ZiedisSkuma.

Sitllomas Ziedinés tiekimo grandinés modelis atskleidZia organizacijy vaidmenj
sprendziant apribojimus tiekimo grandinéje. Tai susideda i$ apribojimy nustatymo, jverti-
nimo, bendradarbiavimo ir i$sprendimo. Bendras tiekimo grandinés bendradarbiavimas
gali daryti poveikj aplinkai, pavyzdziui, reguliavimo veiksniams, siekiant panaikinti arba
skatinti taisykles, kurios leisty geriau inaudoti ZE potencialg.

2. Ziedinio ciklo apribojimy nustatymo, jvertinimo ir
tinkamiausio apribojimo pasirinkimo metodika

Disertacijos antra dalj sudaro penki etapai. Pirmasis etapas — rodikliy sistemos pasitlymas,
atsizvelgiant j ziedinés tiekimo grandinés modelj. Antrasis etapas — metody apraysSimas,
kurie buvo naudoti norint panaudoti pasiiilytg priemone. Tre¢iajame etape apraSomas Zie-
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dinés grandinés apribojimy nustatymo metodas. Ketvirtasis zingsnis apima duomeny rin-
kimo metoda, leidZiantj jvertinti apribojimy jtaka tickimo grandingje. Paskutiniame etape
aprasomas rodikliy svorio nustatymo metodas.

Rodikliai, skirti ziediSkumui matuoti, buvo sudaryti remiantis literatiiros apzvalga ir
I1SO 59020 standartu (International Organization for Standardization [ISO], 2024). Du pa-
pildomi rodikliai grindZziami koordinavimo teorija. Taip pat atsizvelgta  iStekliais pagrista
pozitrj, siekiant jvertinti organizacijos gebéjima panaudoti savo isteklius apribojimams
spresti.

Priimant sprendimus buvo taikomas TOPSIS metodas, kuriuo siekta atrinkti aktua-
liausig ES saulés fotovoltikos tiekimo gradinés Ziedi§kumo apribojima. Taikant TOPSIS
metodag atsizvelgiama ne tik j idealig, bet ir | blogiausig jmanoma situacija (Hwang &
Yoon, 1981). Siuo atveju alternatyva pasirenkama jvertinant pras¢iausius konkreéiy apri-
bojimy rodikliy rezultatus.

DELPHI metodo derinimas su TOPSIS sustiprina metodika, nes uztikrina pakan-
kamg eksperty dalyvavima ir leidZig pagrjstai nustatyti rodikliy svorius (Weinert, 1999).
Tai ypac svarbu, atsizvelgiant j tai, kad ES saulés fotovoltikos ziedingje tiekimo grandi-
néje yra ribota gamybiniy organizacijy eksperty patirtis ir nedidelis kiekis organizacijy,
kurios uzsiima perdirbimu ar antriniu saulés moduliy panaudojimu. Jtraukiant tarptautiniy
ir iSorés eksperty indélj, DELPHI metodas sumazina $aliSkumg ir Ziedingje tickimo gran-
dinéje egzistuojancias ziniy spragas, padidindamas TOPSIS rezultaty patikimuma.
DELPHI ir TOPSIS metody derinys sukuria patikima sistema, padedancia spresti unika-
lius tyrimo uzdavinius. Nors TOPSIS nuolat reitinguoja apribojimus naudodamas objek-
tyvius kriterijus ir jy santykinius svorius, DELPHI uztikrina, kad Sie svoriai buty gauti
bendru srities eksperty sutarimu, atspindin¢iu ziediskumo aktualijas industrijoje.

| Tyrimo schema |

<k

Rodikliy sistema H Literaturos apzvalga |
Pusiau struktdrizuoti a
interviu ir teksto — A"”""J imy
sgrasas :
kodavimas - H
Rodikliy svoriy DELPHI metodas
nustatymas 1

Strukturizuoti interviu

TOPSIS metodas

ES saules fotovoltikos tiekimo
grandines apribojimy sgrasas
pagal svarbg

S2.1 pav. Tyrimo etapai ir pasirinkti metodai (sudaryta autoriaus)



SUMMARY IN LITHUANIAN 157

ES saulés fotoelektrikos tiekimo grandinés apribojimai buvo nustatyti taikant teksto
kodavimo metoda. Naudojant pusiau struktiruota interviu, buvo apklausta 20 organiza-
cijy. Interviu transkripcijos koduotos naudojant MAXQDA programa, siekiant suskirstyti
ziediSkumo apribojimus, tikslus ir galimus sprendimus.

Pasitelkiant struktiiruoto interviu metoda, apklausta 12 ES saulés fotovoltikos tie-
kimo grandinés organizacijy. Duomenys apie apribojimus buvo renkami naudojant pen-
kiabale vertinimo sistemg — nuo vieno (labai mazas poveikis) iki penkiy (labai didelis po-
veikis) baly, siekiant jvertinti, kaip kiekvienas apribojimas veikia kiekvieng rodiklj.

Rodikliy svoriai buvo nustatyti taikant Delphi metoda. Sickiant suZinoti, ar ekspertai
sutaré dél rodikliy svoriy, naudotas Kendall W koeficientas (Kendall & Smith, 1939). DELPHI
tyrimui buvo pasitelkti 6 ekspertai.

Pasitelkus visy metody rezultatus, buvo taikytas TOPSIS metodas siekiant priorite-
tizuoti Ziedinius apribojimus ES saulés fotovoltikos tiekimo grandinéje. Tyrimo schema
pateikta S2.1 paveiksliuke.

3. Europos Sajungos saulés fotovoltikos tiekimo grandinés
ziediSkumo apribojimy vertinimas

Saulés fotovoltikos industrija sunaudoja daug istekliy, kuriy pagrindiniai yra aliuminis,
stiklas, sidabras, varis ir silicis. Europos Sajungoje (toliau — ES) yra nedidelé tiekimo
grandinés koncentracija (PV Manufacturing in Europe,... n.d.). Didzioji dalis (daugiau
kaip 90 %) komponenty gaminama Azijoje, daugiausia — Kinijoje. Trys pagrindiniai ES
saulés fotovoltikos tiekimo grandinés i§$ukiai yra Sie: (1) komponenty, reikalingy atsinau-
jinangiai energijai gaminti, gamyba sutelkta uz ES riby, (2) didelis medziagy, ypac sidabro
ir vario, suvartojimas, (3) nepakankamai iSvystyti produkto pabaigos gyvavimo procesai.
Si pramonés $aka yra aktuali kalbant apie Ziediskumo nauda, siekiant sumazinti priklau-
somybe nuo zaliavy kriti§kai svarbioje industrijoje.

Po pusiau struktiiruoty interviu ir teksto kodavimo, naudojant MAXQDA programa,
buvo nustatyti ZE apribojimai, galimi jy sprendimai ir organizacijy tikslai. Remiantis
teksty kody skaiciumi i§ interviu teksty, buvo atliktas kody kategorijy rangavimas. Trys
pagrindiniai apribojimai buvo §ie: 1) nenuspéjamas pakartotinio naudojimo ir perdirbimo
kiekis, 2) nepakankamas tiekimo grandinés bendradarbiavimas ir 3) nepakankamas antri-
niy zaliavy grynumas, dél kurio jos negali biiti pakartotinai panaudojamos saulés moduliy
gamyboje. Trys aktualiausi sprendimai, galintys potencialiai i§spresti apribojimus, yra
Sios: 1) sertifikavimo ir (arba) standartizavimo jgyvendinimas, 2) pramoninio perdirbimo
didinimas ir 3) informacijos apie gaminius prieinamumo didinimas. Trys svarbiausi ES
saulés fotovoltikos organizacijy tikslai, susije su ziediSkumu, yra §ie: 1) ciklo uzdarymas,
2) anglies pédsako mazinimas ir 3) Europos perdirbimo verslo plétra. Rezultatai rodo, kad
Sioje pramonés Sakoje yra jvairiy ziediSkumo problemy ir galimy jy sprendimo biidy.

Siekiant nustatyti rodikliy svorius, buvo surengti du Delphi raundai. 6 ekspertai jver-
tino 9 rodiklius. Po pirmojo turo buvo pasalinti 2 rodikliai: biomasés kiekis ir recirkuliacija
biologiniame cikle. Sie du rodikliai nebuvo reiksmingi saulés fotovoltikos pramonei dél
medienos ar panasaus atsinaujinancio turinio nebuvimo. Po pirmojo raundo W koeficien-
tas buvo 0,30 (i§ 1) — kuo ar¢iau 0, tuo maZiau eksperty sutaria dél to, kurie rodikliai yra
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svarbesni uz kitus. Antrojo raundo pabaigoje W koeficientas buvo 0,72, o tai nurodo reiks-
minga eksperty nuomoniy suderinamuma.

Siekiant surinkti duomenis i§ ES saulés fotovoltikos ziedinés tieckimo grandinés da-
lyviy, 5 baly sistemoje — nuo 1 (mazas poveikis) iki 5 (didelis poveikis) struktiiruotai apk-
lausta 12 organizacijy atstovy. Rezultatai rodo, kad pakartotinio komponento naudojimo
naujame produkte veikla sunkiai pasickiama dél besikei¢ianciy technologijy ir kompo-
nenty dydziy. Atsizvelgiant j 25-30 mety saulés moduliy eksploatavimo trukme, sunku
naudoti antrinius komponentus naujuose saulés moduliuose. Tadiau apklaustieji sutinka,
kad svarbu zinoti tam tikra informacija apie saulés modulius, pavyzdziui, i§ kokiy me-
dziagy jie pagaminti, siekiant uztikrinti jy tinkama perdirbimg ateityje.

Taikant TOPSIS metodg — norint nustatyti, kuris apribojimas yra svarbiausias — pir-
moje vietoje atsidiiré neryztingas keitimasis informacija. Sis apribojimas susijes su kitais
apribojimais, pavyzdziui, saulés moduliy atsekamumo nepakankamumu. Apribojimai pa-
vaizduoti S3.1 lentel¢je. Pirmoje vietoje esancio apribojimo sprendimas remiasi politikos
priemonémis ir duomeny dalinimusi, o pramongs atstovai turi jgyvendinti keitimosi infor-
macija sprendimus.

S3.1 lentelé. Apribojimy eiliSkumas nuo didziausio iki maziausio pagal TOPSIS metodo jverti-
nima

TOPSIS .
T A Reitin-
Apribojimai jvertini- -
gavimas
mas
Neryztingas keitimasis informacija 0,974 1
Nepakankamas saulés moduliy atsekamumas 0,867 2
Prastas logistikos tvarkymas atvirkstinéje tiekimo grandinéje 0,747 3
Neteisétas netinkamy saulés moduliy eksportas uz ES riby 0,731 4
Neprognozuojami saulés moduliy pakartotinio panaudojimo ir perdir-
- - 0,661 5
bimo kiekiy duomenys
Nesuderinti teisés aktai visoje Europoje 0,627
Iprastinis saulés moduliy perdirbimas yra nepelningas 0,364
Nepakankamas perdirbty medziagy grynumas, trukdantis jy pakartoti- 0326 8
niam panaudojimui saulés moduliy gamyboje '
Neisvystyti perdirbimo metodai sumazina perdirbty zaliavy kokybe 0,184 9
Nepakankamas tiekimo grandinés bendradarbiavimas 0,182 10

Kadangi neryztingo keitimosi informacija efektyvumo koeficientas buvo 0,974 (is
1), tai parodé, kad beveik visiskai sutariama, kuriam apribojimui reikia teikti pirmenybe.
Maziausiai aktualus apribojimas yra nepakankamas tiekimo grandinés bendradarbiavi-
mas. Sis apribojimas yra sunkiai i§sprendziamas, nes pati industrija néra suinteresuota to-
bulinti ziedinius procesus, kadangi didzioji tiekimo grandinés dalis yra Kinijoje.
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Bendrosios iSvados

1.

Literatiiros apzvalga atskleidé sudétingg ziediniy tiekimo grandiniy sistemg. No-
rint uztikrinti ziediskuma bet kurioje pramonés Sakoje, reikia daugelio suintere-
suotyjy subjekty bendradarbiavimo. Ziedinés tiekimo grandinés dalyviy povei-
kis kaupiasi visoje grandinéje, todél tolesniy grandinés dalyviy galimybés didinti
ziediskumg yra ribotos. Integruojant zinias i§ visy ziedinés tiekimo grandinés
etapy, galima iSsamiai apzvelgti ziediSkumo problemas ir pasitlyti galimus jy
sprendimus.

Darbe i$ple¢iamas apribojimy teorijos taikymas ZTG sistemai. Taip pat anali-
zuojamos priklausomybés nuo istekliy bei jais pagristo pozitirio teorijos, siekiant
nustatyti, kokiy gebéjimy ir resursy reikalauja ziediSkumo gerinimas tiekimo
grandingje. Ziniy valdymo teorija nagrinéjama tam, kad biity galima identifi-
kuoti reikalingg informacija ir suprasti, kaip ja efektyviai valdyti, siekiant didinti
tiekimo grandinés ziediskuma.

Remiantis literatiiros apzvalga ir ISO 59020 standartu, buvo pasitlyta rodikliy
sistema ziedinés ekonomikos apribojimams jvertinti. Sie rodikliai, pavyzdziui,
perdirbtas arba pakartotinai panaudotas medziagy kiekis produkte, yra universa-
lus rodikliai, taikytini daugumai pramonés Saky. Remiantis bendradarbiavimo
teorija ir iStekliais pagristu pozitiriu, buvo jtraukti du papildomi apribojimai: ap-
ribojimo poveikis organizacijos ziediskumo potencialui ir organizacijos suinte-
resuotumas spresti § apribojima. Sudéjus rodiklius j vieng sistema, galima jver-
tinti jvairiy rasiy apribojimus, kurie gali bati skirtingi, priklausomai nuo
pasirinktos pramonés Sakos.

Apribojimy, iStekliais pagristo poziiirio, priklausomybés nuo istekliy ir ziniy val-
dymo teorijos buvo integruotos j ziedinés tiekimo grandinés teorinj modelj. Te-
orinio modelio tikslas — pagerinti tiekimo grandinés Ziediskuma, vienodai jtrau-
kiant visas organizacijas j apribojimy vertinimg. Disertacijoje daugiausia
démesio skiriama pirmiesiems dviem zingsniams — apribojimy nustatymui ir ver-
tinimui.

Sitilomg priemong sudaro rodikliy sistema, skirta tieckimo grandinés Ziediskumui
vertinti. Pritaikius §ig priemong, nustatyta 20 ES saulés fotovoltikos tiekimo
grandinés apribojimy. Apribojimai yra jvairtis — nuo bendradarbiavimo iki tech-
nés etapy atstovy, o tai rodo, kad beveik né vieno apribojimo organizacijos negali
i§spresti pacios.

Taikant TOPSIS metoda, buvo nustatytas didziausia poveikj darantis apriboji-
mas — neryztingas keitimasis informacija. Kadangi didzioji dalis saulés fotovol-
tikos medziagy, komponenty ir produkty gamybos vyksta Azijoje, informacijos
prieinamumas yra ribotas. Siam apribojimui i$spresti galima taikyti teisinj regu-
liavimg su Europos Komisijos planuojamu produkto ekologiniu projektavimu,
skaitmeniniais gaminiy pasais arba ,,Net-Zero Industry Act®. PrieSingu atveju,
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kaip rodo rezultatai, ES saulés fotovoltikos tiekimo grandinés organizacijos ne-
jveiks Sio apribojimo, nes jy galimybés daryti jtaka Azijos tiekimo grandinei yra
ribotos.

Disertacijos rezultatai leido nustatyti veiksnius, kurie gali tapti tolesniais Zings-
niais siekiant uzmegzti bendradarbiavimg ir spresti apribojimus. Palyginti su kity
tyréjy darbais, skirtais saulés fotovoltikos ziediskumo problemoms nustatyti ir
analizuoti, $iame tyrime vienodai jtraukiami skirtingi ES saulés fotovoltikos tie-
kimo grandinés dalyviai, sujungiant jy jzvalgas (apribojimus, sprendinius, tiks-
lus), siekiant nustatyti svarbiausia ZE apribojima.
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