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ARTICLE INFO ABSTRACT

Handling editor: Dr. Govindan Kannan This study aims to systematically go through the various factors that prevent the implementation and diffusion of

new closed-loop solutions and, thus, the transformation towards a circular economy. These factors are studied in

Keywords: the context of waste electrical and electronic equipment (WEEE) management. WEEE management offers an

CIYCUI'ar economy interesting context to study this, as technologies and political pressures, as well as a business potential for more

Ié"d"tms_ . efficient material recovery, exist. The study follows an embedded single case design based on interviews with
onstraints actors in the WEEE management system. While the individual constraints may hinder the uptake of advanced

WEEE management . . . . : .

Case study recycling solutions, the interactions between these constraints seem to have an enforcing effect and lead to the

formation of system-level lock-ins. This study identified three system-level lock-ins, the national extended pro-
ducer responsibility scheme, techno-economic issues, and tensions in the supply chain, which impede the
adoptation of innovations and the consequent transformation of the WEEE management system. Understanding
how these constraints interact is essential for any effort to unlock the system and support the circular economy

transformation.

1. Introduction

A circular economy (CE) is suggested as a concept to overcome the
sustainability challenges of the current linear economy. The benefits of a
CE are relatively well understood, and the CE has the potential to ach-
ieve a more sustainable society and economic growth (Blomsma and
Brennan, 2017). However, while we have achieved advances in some
aspects of the CE, certain factors still hinder or even prevent imple-
menting a CE (Geissdoerfer et al., 2017; Tura et al., 2019). Implementing
a CE would require a systemic change; the co-evolution of technologies,
firms, institutions, and society as a whole (Cecere et al., 2014).

A better understanding of what hinders the transformation towards a
CE in different contexts and how to overcome them is needed. To study
this, we mobilise the concepts of constraints and lock-ins. From the
definitions point of view of, the literature is not always consistent in its
terminology. Still, this study defines constraints as individual factors
that can hinder or slow down the transformation. At the same time, lock-
ins are seen as coevolved factors that eventually prevent the trans-
formation of a socio-technical system in the near future. The rationale
behind a lock-in is that industrial economies have been locked into
traditional systems through a process of technological and institutional
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co-evolution driven by path-dependent increasing returns to scale
(Unruh, 2000). Lock-ins result from the efficient convergence of estab-
lished ways of seeing and doing and can inhibit the diffusion and
implementation of new technological solutions despite their apparent
environmental and economic advantages (Svingstedt and Corvellec,
2018; Unruh, 2000). Although its obvious relevance, we still know only
a little how different individual constraints coevolve to form lock-ins.

This study investigates individual constraints and how they form
system-level lock-ins in the context of waste electrical and electronic
equipment (WEEE) management. WEEE represents the widest and
fastest-growing waste stream, as ca. 45 million tons of WEEE are
disposed globally every year, with an annual growth rate of 3-5%
(Bressanelli et al., 2020). Regarding a CE, the WEEE industry has sub-
stantial economic potential: the overall value of the secondary raw
materials in WEEE is estimated to be 55 Billion Euros (Baldé et al.,
2017). Indeed, recovering rare earth elements and other critical raw
materials (CRMs) from WEEE is at the heart of a CE and essential in
mitigating the anticipated shortage of resources (Corsini et al., 2015).
However, there is still a significant challenge in achieving the potential
environmental, social, and economic gains linked to a CE within the
WEEE industry (Bressanelli et al., 2020).
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This study aims to develop an in-depth understanding of constraints and
their role in the formation of system-level lock-ins that prevent the uptake of
new technological innovations designed to improve the material efficiency of
a WEEE management system. The aim is also to show the theoretical and
practical relevance of understanding the lock-ins in this context. The
research questions of this study are: (RQ1) What factors in the WEEE
management system constrain the implementation and diffusion of
technological innovations? (RQ2) How do these constraints interact and
contribute to the formation of system-level lock-ins within the socio-
technical system of WEEE management?

The study applies an embedded single case design of the WEEE
management system in Finland and contributes to understanding what
hinders the transformation towards a CE. The previous empirical liter-
ature has emphasised that the relative significance of the individual
constraints is highly context-specific (Tura et al., 2019; Aminoff and
Pihlajamaa, 2020), and more knowledge is needed in different contexts.
Notably, a better understanding of how system-level lock-ins that hinder
the implementation of CE principles are formed would provide theo-
retical and practical assistance in overcoming them. WEEE management
offers an interesting context to study this phenomenon, as technologies,
political pressures, and business potential exist for improving WEEE
recycling for improved recovery of CRMs and other materials. However,
uptake of these solutions is still slow. The WEEE industry is gaining
primary importance within a CE context (Bressanelli et al., 2020). Also,
the WEEE industry would benefit from adopting the CE perspective as
there is a lack of a sector-specific approach to CE implementation within
the WEEE industry —the literature is still generic in the context of
manufacturing companies (Tura et al., 2019; Bressanelli et al., 2020)

2. Literature review
2.1. Challenges of WEEE management system

Rapid technological innovations and increased purchasing power
have fuelled the consumption of electrical and electronic equipment
(EEE) (Islam and Huda, 2018). The complex composition of electronic
appliances makes waste management challenging (Cucchiella et al.,
2015). WEEE must be considered as a dangerous waste stream, which, if
not treated properly, can cause severe environmental and human health
damage (Corsini et al., 2015; Mazahir et al., 2019). Most End-of-Life
(EoL) electronic equipment is recycled, as recycling is a low-cost solu-
tion that enables compliance with environmental regulations. The
recycling process includes collection, disassembly, shredding, separa-
tion, and compression of residuals (Cucchiella et al., 2015).

WEEE recycling would provide an opportunity to recover valuable
metals and rare natural elements, which is essential, as an increasing
number of CRMs are being used in electronic equipment (Boundy, 2020;
Corsini et al., 2015). However, recycling practices have not followed the
development towards more complex electronic products (Yla-Mella and
Pongracz, 2016). Many valuable metals are often present in low con-
centrations and cannot be recovered in conventional WEEE processing
facilities utilising only destructive technologies (Yla-Mella and
Pongracz, 2016; Kumar and Dixit, 2018). Presently, most recycling fa-
cilities use technologies that allow efficient separation of steel and
aluminium (Tanskanen, 2013) but fail to recover critical metals (Cole
et al., 2019a). Thus, from the perceptive of a CE, the resource efficiency
of WEEE recycling needs to be radically improved. Better technologies
exist, but the uptake of these has been slow.

In the EU, the WEEE Directive, along with the updated circular
economy action plan, are the key policy instruments to support the
transition to a CE in the EEE sector (Zacho et al., 2018). The WEEE
directive was first introduced in 2003, and it was amended in 2012 to
better address rapidly expanding EEE markets and shortening innova-
tion cycles (European Commission, 2012). The directive follows the
waste hierarchy principle and prioritises prevention of WEEE, followed
by the reuse, recycling, and other types of recovery of WEEE (European
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Commission, 2012). The WEEE Directive introduced the producer re-
sponsibility principle, making producers financially responsible for the
collection and treatment of WEEE (Corsini et al., 2015). One of the
founding philosophies of the extended producer responsibility (EPR) is
to link the manufacturing and EoL management of products to
encourage reuse and efficient recycling (Corsini et al., 2015; Parajuly
and Wenzel, 2017a). The recent update of the European circular econ-
omy action plan also addresses the need for extending product lifetimes
of certain electronic devices by better eco-design (European Commis-
sion, 2020).

2.2. Theoretical foundations: Factors hindering the socio-technical
transformation of a WEEE management system

The study investigates WEEE management as a socio-technical sys-
tem. Socio-technical systems evolve gradually to fulfil certain societal
functions and constitute of a complex set of technologies, institutions,
networks, norms, preferences, knowledge, and rules, making them
relatively stable and resistant to change (Geels, 2004; Rip and Kemp,
1998). While WEEE management forms a good example of a complex
socio-technical system, this approach is only scarcely applied in this
context or waste management in general (Andersson, 2019). The notable
exception is Zacho et al. (2018), who investigated the constraints for
increasing the reuse of EEE. They emphasised that the existing waste
treatment has minimised the direct environmental impacts, reducing the
pressure to implement more sustainable solutions, such as reuse or
advanced recycling technologies. However, taking the socio-technical
perspective would be important as several factors can create inertia
within existing socio-technical systems that may resist or hinder further
system transformation and implementation of alternative technologies
despite demonstrated improvements to the existing system.

The concept of lock-in has its origins in economic studies of the
diffusion of technological innovations. The concept was first introduced
by Arthur (1989), who discovered that a system could be locked into
inferior technologies that become dominant, preventing superior tech-
nologies from being adopted. Later Unruh (2000) introduced a more
systemic approach and described technological change as a
co-evolutionary process that involves not only technologies but also
governing institutions and is driven by path-dependent increasing
returns to scale. Technological, political and social factors coevolve,
forming a socio-technical system around specific technologies and may
prevent the diffusion of environmentally benign technologies (Unruh,
2000, 2002; Unruh and Carrillo-hermosilla, 2006). The actors or alli-
ances that benefit from the current system are likely to resist any change;
it is difficult to challenge established standards (Corvellec et al., 2013).
In the context of WEEE management, recycling with destructive tech-
nologies has become the dominant standard (Cole et al., 2019a), which
might lead to incremental rather than fundamental changes and lock-in
to the established socio-technical system (cf. van den Bergh et al., 2011).

In the literature on CE and WEEE management, sources of inertia
have been often labelled under the concepts of constraints and barriers.
In contrast, the concept of lock-in has not received attention. These
constraints and barriers present individual factors that hinder the
transformation of the WEEE management system. One of the main fac-
tors identified are the lack of economic incentives. The current system is
economically efficient in satisfying the market demand for recycled
materials and ensuring compliance with environmental regulations
(Parajuly and Wenzel, 2017a). Furthermore, existing infrastructures can
hinder transformation, especially when building the infrastructure re-
quires heavy investment, as is the case of waste management and energy
systems (Arthur, 1989; Bolton and Foxon, 2015; Svingstedt and Cor-
vellec, 2018; Unruh, 2002).

Technological or technical factors that hinder the transformation of
socio-technical systems may involve existing technological solutions,
including dominant design, standard technological architectures and
components (Corvellec et al., 2013; Unruh, 2002). Additionally,
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technology interrelatedness, which occurs when adopting technology
fosters the development of complementary technologies, may hinder
adopting the technologies (Klitkou et al., 2015). Current EEE product
design creates several problems for efficient recycling: first, it makes
disassembly and material separation difficult; second, versatile product
design and extremely low concentrations of materials in final products
reduce recycling potential and hamper the development of economically
viable recycling processes (Parajuly and Wenzel, 2017b). The recent
trend of smaller and lighter appliances also hinders the economic
viability of recycling because achieving sufficient volumes for recycling
becomes even more challenging (Kumar et al., 2017). For low-value
waste materials, the ability to recycle scrap in an economically viable
way can be inhibited by the transportation costs associated with col-
lecting a sufficient amount of material (Boundy, 2020). Furthermore,
destructive and unselective technologies in the collection and
pre-treatment stages reduce the quality of recovered materials and
recycling profits (Yla-Mella et al., 2014a).

Organisational inertia, caused by established routines and procedures,
departmentalisation, and existing customer-supplier relations, is seen as
a significant source of lock-ins within organisations (Cecere et al., 2014;
Unruh, 2002). For example, municipalities that do not ‘own’ the EoL
products lack the motivation to improve the collection system
(Yla-Mella and Pongracz, 2016; Zacho et al., 2018), and accordingly, the
producers do not have an economic incentive to develop the system
(Yla-Mella et al., 2014a).

Social and cultural factors, such as system socialisation, imple-
mentation of preferences, expectations, norms and codes of behaviour
contribute to path-dependency and lock-ins (Corvellec et al., 2013;
Unruh, 2002). In the existing socio-technical system, EoL products are
regarded as waste and are handled in the same fashion as any other type
of waste at the collection site. A general approach, particularly in small
recycling plants, is to handle the mixed WEEE, regardless of product
type and physical or functional condition (Parajuly et al., 2017).
Moreover, a considerable portion of WEEE does not circulate and re-
mains in the drawers of consumers (Yla-Mella et al., 2014b; Yla-Mella
and Pongracz, 2016).

Several political and institutional factors, such as legal frameworks,
political agreements, ambiguity and lack of coordination between pol-
icies, existing networks and coalitions may hinder the transformation of
socio-technical systems (Cecere et al., 2014; Cole et al., 2019a; Foxon
2002). For example, the existing compliance schemes of the EU directive
on WEEE are designed for material collection and recycling instead of
manufacturing-centred take-back. Most WEEE is collected by waste
management companies and recycled (Parajuly and Wenzel, 2017a).
Even though the current WEEE directive aims to reduce the environ-
mental impact and has led to increased recycling within the EU, it has
not encouraged actors to reduce material consumption and waste vol-
umes or provided any incentive for reuse (Cole et al., 2019b).

From the critical materials point of view, current recycling policies
put too much focus on maximising recycling rates (Cole et al., 2019b).
There is no regulatory pressure to increase the recovery of CRMs.
Another challenge are the relatively low collection rates via official
channels. It has been estimated that only half of the annually generated
WEEE was separately collected and appropriately managed under EU
compliance schemes in 2010 (Yla-Mella et al., 2014b). Several studies
show that the more inconvenient the recycling schemes, the lower the
participation and recovery rates. The rest of WEEE is collected infor-
mally by unregistered enterprises, illegally exported abroad or discarded
as mixed waste into landfills.

Different impeding factors can emerge and coevolve simultaneously
within a socio-technical system, as presented above in the context of
WEEE management. The impact of these simultaneous factors is further
intensified by network externalities, which emerge from systemic in-
teractions (Unruh, 2000). The term systemic lock-in has been proposed in
the literature for these interlinked factors that co-occur (Narula, 2002;
Wesseling and Van der Vooren, 2017). Wesseling and Van der Vooren
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(2017, p.116) have further developed the concept and defined systemic
lock-in as ‘a set of systemic problems that sustain or reinforce each other
in one or more closed feedback cycles of interdependent systemic
problems’. While lock-ins are often assumed to be systemic, the in-
teractions and mechanisms between these simultaneous hindering fac-
tors are less studied in the literature, except in the field of innovation
system studies (e.g. Narula, 2002; Wesseling and Van der Vooren, 2017).

Previous CE literature has identified several barriers or constraints
that impede the transformation (for example, Tura et al., 2019; Kirch-
herr et al., 2018; Grafstrom and Aasama, 2021). Notably, Tura et al.
(2019) developed ‘an integrated framework’ of barriers and drivers to
unlocking the CE based on an extensive literature review. They identi-
fied eight categories of barriers: Economic, Social, Institutional, Tech-
nological and informational, Supply Chains and Organizational.
Zhuravleva and Aminoff (2021)- further elaborated this framework in
the context of textile recycling. Grafstrom and Aasama (2021), also
based on a literature review, summarised that inconsistent policies and
high up-front costs are among the most prevalent barriers. However, the
previous empirical literature has emphasised that the significance of
individual constraints is highly context-specific (Tura et al., 2019).
Therefore, CE concepts cannot be copied from one context to another
and understanding the constraints in different contexts is needed. WEEE
presents an interesting context for this purpose.

3. Methods

This study aims to develop an in-depth understanding of constraints
and lock-ins that prevent the implementation and diffusion of new
closed-loop innovations and the transformation of the WEEE manage-
ment system. In this study, we opt for an embedded single case design
(Yin, 2014), the case being the WEEE management system in Finland
with its different actors as embedded cases. The single case approach is
suitable for studying the phenomenon in-depth, as rich data is collected
from several informants, allowing us to gain sufficient depth of under-
standing of different actors’ perceptions and make sense of those per-
ceptions (Yin, 2014).

The WEEE management system in Finland was considered to be a
good case as the different organisations put a lot of effort to develop the
system, and there are several research and development projects going
on. Indeed, this case is information-rich (Piekkari et al., 2010) and
provides relevant data to answer our research questions.

3.1. Case description: the WEEE management system in Finland

As an EU member state, Finland is obliged to operate a WEEE re-
covery system to meet the targets set by the EU WEEE directive. The
amount of WEEE collected in Finland is moderate: 66,683 tonnes were
collected in 2018. The majority of waste was treated in Finland and less
than 6% was shipped to another EU member state for treatment
(EUROSTAT, 2021). Over 86% of collected waste was recycled as ma-
terials, 5% was recovered as energy and 3% was reused. Despite having
functioning national recovery systems, the total collection rate is only
slightly above the minimum required by the EU directive (European
Commission, 2012). However, the recovery rate of collected WEEE is
high at 95% and the reuse and recycling rate stands at 90% (EUROSTAT,
2021). The majority of EEE entering markets is imported. As the EU
directive on WEEE requires extended producer responsibility (EPR),
most of the representatives of producers have fulfilled their re-
sponsibilities through compliance schemes and transferred re-
sponsibility to several producer associations that organise collection,
transportation and recycling. Depending upon the material content and
quality of waste, several different disposition alternatives are available,
recycling and recovery as materials are the primary mode. Hazardous
substances are removed and sent to hazardous waste treatment plants
for processing. Metals, plastic and glass parts are sorted, and further
processed as materials at recycling companies, smelters or sent to
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incinerators for energy recovery. Non-recoverable material is disposed
of in a landfill. Usually, the WEEE is pre-processed mechanically using
destructive methods combined with different sorting techniques, and
the resulting fractions are processed in high-standard refineries. This
paper focuses on the EoL stages, including WEEE collection, processing
and recovery. Reuse is beyond the scope of this study.

3.2. Data collection

The basic assumption behind this study is that WEEE management
could be made more efficient by using novel technological solutions. In
this study, an advanced WEEE recycling concept was used as a as a frame
of reference to study factors that hinder the uptake of technologies. This
frame allowed us to explore the underlying perceptions of such a
transformation in a systematic way. This specific WEEE recycling
concept was developed in a joint research and development project
(VTT, 2016). This advanced concept integrates material recovery with
energy recovery by combining mechanical, thermal and hydrometal-
lurgical unit processes. The technological concept aims to improve the
efficiency of WEEE recycling and enable the recovery of valuable ma-
terials, including CRMs (VTT, 2016). Transforming WEEE recovery ac-
cording to an integrated energy-material recovery concept would
require changes in the whole WEEE management system.

We used purposive sampling (Patton, 2014) to select the case orga-
nisations. We selected the organisations that (1) play an important role
in the WEEE recycling system in Finland, (2) present different roles in it,
and (3) would potentially be affected by the transformation of the WEEE
management system. We first selected the organisations that were part
of the research and development project (VTT, 2016), as they have made
efforts to understand what is needed for change and thus, can provide
in-depth insights into the constraints. Based on the advice of these in-
formants (i.e. snowballing), we contacted for one additional organisa-
tion, producer responsibility organisation, that could provide

Table 1
Case organisations and data collection details. Persons interviewed twice are
marked with an asterisk.

Name Organisation Informant Data collection method:
interview (I), workshop
W)

Recycl Recycling company 1 R&D manager * I
Development I
engineer *

CSR Manager I

Recyc2 Recycling company 2 CEO
Marketing LW
manager *

Recyc3 Recycling company 3 EHSS Manager I
Technical I
manager

TechDevl  Technology Technology 1

development manager
company 1
TechDev2  Technology CEO w
development
company 2
PRO1 Producer COO0 1
responsibility
organization 1
PRO2 Producer CEO 1
responsibility
organization 2
1A Industry association Expert I
RTO Research and Principal w
technology scientist
organization Senior scientist 1 =~ W
Senior scientist2 =~ W
Senior scientist 3 =~ W
TechCon Technology CEO w
consultancy Senior advisor w
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complementing insights. Table 1 presents the selected case organisations
and informants in more detail. To acquire a comprehensive under-
standing of the lock-ins, various data sources were used (Table 1), which
also enabled triangulation of the data.

The primary data collection method included semi-structured in-
terviews. The informants were responsible for developing recycling and
waste management or were leading experts of the topic. In the small
organisations, we interviewed the CEOs. The interviews followed a
general thematic guide, which was slightly modified based on the or-
ganisations’ role in the system. The general focus was on understanding
the prerequisites and constraints for the implementation and diffusion of
an advanced WEEE recycling process and management system, i.e. the
above-mentioned material-energy recovery concept used as a frame. The
guide included the following general topics: performance of the existing
WEEE management system, and prerequisites and constraints for the
implementation of a new recovery concept. The results from interviews
were further elaborated on in a participatory workshop. This workshop
also contributed to the validation of preliminary findings.

3.3. Data coding and analyses

The transcribed data were coded by two researchers using NVivo
qualitative data analysis software. The coding and analysis processes
were iterative with discussions between the two researchers and returns
to the literature.

In the first step, the coding started with getting to know the data
through initial coding (Saldana, 2013), i.e. breaking down the data into
parts, examining and comparing similarities and differences, and by
writing memos related to connections between different observations.
Different secondary data sources were complementary in building a rich
picture of the WEEE management system. This initial coding produced
an inventory of topics and connections between them that guided us in
the next steps. This process also inspired a literature search to identify
theoretical insights that might aid in categorising the emerging obser-
vations. We went back to the literature on lock-ins and socio-technical
systems and searched for feasible frameworks for coding (cf. Dubois
and Gadde, 2002).

In the second cycle of coding (Saldana, 2013), the authors focused on
the constraints and re-coded the dataset. Both theoretical coding, which
uses higher-level literature themes, and open descriptive coding (Sal-
dana, 2013), which uses lower-level codes, were used to develop the
categories of constraints (cf. Corbin and Strauss, 1990). These
lower-level codes were regularly compared to higher-level codes (codes
from the literature). During this analysis and generation of catego-
risations, constant comparisons were made to identify similarities and
differences, to achieve precision and consistency as suggested by Corbin
and Strauss (1990). As part of this process, the authors conducted rounds
of individual coding followed by joint discussions to understand the
reasoning behind the categorisations. This process was repeated until
agreement and saturation was reached on the final categories of con-
straints, as presented in Section 4.

In the third step, we analysed how the constraints interacted with
each other with the help of mind maps and by reducing the data into
matrix displays, i.e. combining the vast array of material into an ‘at-a-
glance’ format that enables reflection, verification, and conclusion
drawing (Miles et al., 2013).

The quality of the research was improved by involving two to three
researchers in the data collection and analysis and by using multiple
data sources (Yin, 2013) as part of the data triangulation. The results
were presented in multiple workshops (3) and sent to the interviewees in
a report format to ensure the validity of the findings (Yin, 2013).
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Table 2
Constraints on the implementation and diffusion of an advanced recycling process and transformation of the WEEE management system.
Category Subcategory 1st order constraint Description Sources
Organisational Attitudes and WEEE perceived as waste WEEE is perceived as waste instead of a material containing valuable PRO1, Recyc2
corporate culture and rare metals. The primary goal is waste treatment, not the recovery
of valuable materials.
Lack of strategic fit Investing in advanced raw material extraction processes is not part of PRO1,
recycling companies’ existing strategies. workshop
Feels too complex The topic is perceived to be complicated and difficult to understand. Recycl
Supply chains Existing supply Efficient existing supply chains The existing WEEE supply chains, including smelters, are seen to Recycl,

Economic and
market related

Infrastructure and
technological

Institutional and
political

chains

Lack of
collaboration

Governance models

Cost efficiency

Material value and
availability

Demand and
markets for material
Product design

Existing
infrastructure

Regulation

Policy and politics

WEEE operators are seen to be too
small to change the system

Lack of collaboration with EEE
producers

Tensions in the supply chain

Challenges in triadic contracts

Compliance with existing EPR
schemes with minimum costs for
producer organisations

Existing processes are seen to be
sufficiently efficient

High collection costs

The material value of WEEE is
decreasing

Competition for WEEE

Insufficient national WEEE supply for
a new treatment process

Price volatility of metals

Limited recyclability of EEE

Fast technological development in
electronics

WEEE treatment infrastructure and
technologies

Pre-sorting system is inadequate for
advanced material recovery

Large MSW incineration capacity
Existing national EPR schemes for

WEEE
Conflicting EU regulation

Lack of policy measures to improve
recyclability of EEE
Energy policy and politics

Uncertainty about national legislative
changes

function effectively. Basic and valuable metals can be recovered
sufficiently using existing operating models.

Existing WEEE operators and other actors are considered too small, not
having enough power to change existing supply chains and the system.
National recycling companies are not in direct contact with global
producers of electronics. The connection to producers is getting weaker
due to re-structuring of sales organisations from the national to the
European/Nordic level.

There is strong competition between the operators of the WEEE supply
chain. In addition, there are tensions and a lack of trust between
producer organisations and processors, which seem to hinder
collaboration within the supply chains.

Contracts to treat WEEE are triadic: between a recycling operator,
importer/producer and a producer association. Challenges in cost and
revenue sharing in the agreements.

Contracts are short term and based on a tendering process, which
favours minimum costs for the producer organisation. The existing
model does not encourage recycling companies to make long-term
investments in infrastructure, as there is no guarantee of WEEE volumes
after the relatively short contract period.

Existing processes have been optimised to be cost efficient for
individual companies. New process steps that would enable more
efficient value recovery are seen to add costs.

Distance between the places where waste is generated, collected and
treated has to be relatively short to avoid high logistics costs. Finland is
a relatively sparsely populated country with long distances.

Volumes of valuable metals decrease while plastics are increasing in
WEEE.

New recovery systems would compete with other treatment options for
the same (limited) WEEE flow.

One of the major challenges is the sufficiency of WEEE supply and
quality of the material in Finland. These have a clear impact on the
feasibility of the process. Securing sufficient flows to a new treatment
process would require WEEE imports.

Significant amounts of WEEE disappear from national markets due to
inefficient household sorting and recycling and unofficial exports.
Volatility of global metal prices and uncertainty of future price
development.

The recyclability of electronic appliances is challenging as the products
are not necessarily designed to be recycled. There is a lack of eco-design
and circular economy product design approaches.

The pace of technological development and convergence has been
increasing. This raises uncertainties for recycling operators about the
quality of future WEEE supply.

From companies’ perspective, the national WEEE supply is treated
efficiently in existing processes and technologies.

The current collection and pre-sorting system does not support more
efficient sorting needed for more advanced recycling and recovery
processes.

Finland has a large capacity for incineration of mixed solid waste.
However, incineration of WEEE rejects is not favoured in existing
facilities.

Implementation and performance of national EPR schemes is sufficient.

Increasing plastic waste recycling targets and harmful substances
regulation (Persistent organic pollutants (POP) regulation) are not
aligned.

At the moment, market-based economic incentives are not sufficient to
encourage producers to improve the recyclability of EEE. Other types of
instruments are needed, including regulatory instruments.

Energy recovery from new processes is seen to be challenging due to
existing energy policy measures.

Difficulties in anticipating national legislative changes.
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4. Results
4.1. Constraints on the transformation of a WEEE management system

In the following, the findings regarding each of the five identified
categories of constraints (Organisational, Supply chain, Economic,
Infrastructure and technological, and Institutional) are discussed,
highlighting the relative relevance of the individual constraints. These
findings are summarised in Table 2, where these main categories are
further divided into sub-categories and 1st order constraints. The main
categories of constraints are recognised in the transition literature as
well as in the other CE contexts, but the individual constraints and their
relative importance differ.

4.1.1. Organisational constraints

The first category of constraints relates to organisational aspects,
which may lead to organisational inertia. The constraint of attitudes and
corporate culture includes the perception of WEEE as waste that needs to
be ‘dumped’ cheaply and not understood as a resource that contains
valuable materials, such as CRMs. Another constraint here is the lack of
strategic fit: recycling operators perceived that advanced raw material
extraction from WEEE was not part of their existing strategies, as one
interviewee stated, ‘This doesn’t belong to us’ (Recycl). In short, the
recycling operators argued that this extraction could be conducted by a
third party. Some of the interviewees considered the topic to be complex
and difficult to understand, and thus making it hard for them to take
action to contribute to the change.

4.1.2. Supply chain related constraints

This category of constraints relates to supply chain aspects, i.e. re-
lationships between the different actors. First, the existing supply chains
are perceived as efficient and well established. From the recycling op-
erators’ point of view, smelters, who play an important part in the
supply chain, are efficient enough and closely located. Base and precious
metals are sufficiently recovered by the current processes. One of the
interviewees noted: ‘I think this system as a whole is excellent, and it
works well’ (Recyc2). On the other hand, the respondents saw that the
lack of collaboration in supply chains hinders the adoption and diffusion
of innovative closed-loop solutions, including technologies and new
modes of operation. First, there is a lack of collaboration between pro-
ducers of electronic products and recycling operators, which would be
required for improved recyclability of EoL products. This is a well-
established requirement for a CE (cf. Cole et al., 2019b). Second, the
respondents saw that there was both a lack of collaboration and strong
competition between the various WEEE recycling operators, as the op-
erators compete for the contracts tendered by producer organisations. In
addition, there appears to be tensions and a lack of trust between the
producer organisations and recycling operators:

There are certain sensitivity factors, and we are reluctant to encroach
on the territory of our customers, which is the producer community, to
tell them how things should be handled there, so that the most valuable
materials may be recovered in a different way than at the moment. We
try to stay in our own field. (Recyc2).

Collaboration would be important, however, as actors should join
forces for development. Also, according to our interviews, individual
actors, including recycling operators, do not have enough power to change
existing supply chains and the socio-technical system, as these com-
panies are small within a national waste management system that also
intersects with waste incineration and thus national energy policies. The
third sub-category of constraints relates to governance models. Here, the
interviewees pointed out that triadic contracts between a recycling
operator, importer/producer and a producer association would be
needed, but are challenging in practice. Producers fear that the tech-
nology and extra processes needed for improved valorisation would
raise the costs they incur for producer responsibility. Some producer
representatives raised the problem of ‘cherry picking’ and argued that

Journal of Cleaner Production 322 (2021) 129029

many of the recycling operators are interested only in the most valuable
materials, making the development of the whole reverse supply chain
difficult. This is partly due to limited transparency. A representative of a
recycling company commented: ‘The pursuit of companies’ own in-
terests hampers the development of optimal entities’ (Recycl). The
second governance-related issue raised by the respondents was compli-
ance with EPR schemes with minimum costs to producer organisations.
From the recycling operators’ perspective, the EPR system has led not
only to short contract periods (1-2 years) with producer associations,
but also to the fact that WEEE processing volumes within the contracts
are small. The producer associations are non-profit companies aiming
for cost efficiency, which is embedded in the existing EPR schemes. The
recycling operators considered that this almost kills the possibilities for
development and investment. One interviewee from a recycling com-
pany commented that ‘The new business ideas need approval from the
producer associations’.

4.1.3. Economic constraints

This category of constraints relates to the economic factors and in-
centives for the adoption and diffusion of a new recovery system and
includes following components: Cost efficiency, Waste material availabil-
ity and value, and Demand for recycled metals. First, related to cost effi-
ciency, collection and sorting costs are high. Finland is a relatively
sparsely populated country and distances are long, which increases
collection costs and makes profitability challenging. One of the in for-
mants noted: ‘The role of logistics is significant. If the input is of low
value, miscellaneous and rich in plastics, then the high costs of logistics
can easily kill the business. (Workshop). Furthermore, existing processes
have been developed and optimised to be cost efficient from the
perspective of an individual company, thus leading to system-level sub-
optimisation and indeed, hindering development. From the recycling
operators’ perspective, adopting more efficient recovery technology
would require new process steps, which would increase processing costs.
One significant constraint in the implementation and diffusion of new
technologies is that the material value of WEEE is decreasing: in electronic
products, the amount of plastics is increasing while amount of valuable
metals is decreasing, making the investments in more efficient valor-
isation less profitable. On this topic, one of the informants noted:

The value of materials and especially plastic is very problematic for
all actors, and the problem of plastic is that it lowers the value of [dis-
carded electronic] equipment. Of course, there is more and more interest
in increasing the lifespan and value of a discarded product and to get
more components and perhaps entire products back into use from
households as well (Recyc2).

However, regulatory pressures in the EU to solve the plastic problem
will increase in coming years, thus driving the change toward a CE for
plastics also in WEEE management (European Commission, 2018,
2020). Limited waste material availability in Finland was considered an
important factor in constraining the adoption and diffusion of new
technologies, despite the fact that WEEE flows are growing globally.
Respondents considered that both the quality and quantity of the WEEE
flows might be insufficient in Finland, as the profitability of valorisation
processes is based on economies of scale. The respondents considered
that economically feasible valorisation would require WEEE importa-
tion. This was explained by one of the informants:

This is a fundamental problem in Finland, our volumes are not
enough, and, all the existing material needs be recovered and directed
into proper processes and then we might get some more material,
maybe, and that might enable more processing (Recyc1).

One factor in waste material availability is the recycling behaviour of
consumers, as consumers not only store end-of-life devices in their
homes, as noted also by Yla-Mella and Pongracz (2016), but also sort and
recycle WEEE inefficiently. Importantly, interviewees also pointed out
that the implementation of new valorisation technology would increase
the competition for WEEE, as the existing processes and supply chains
would be competing for the same limited waste fraction. One of the
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Fig. 1. Interactions and coevolving constraints forming system-level lock-ins.

constraints that the interviewees emphasised relates to metal markets
and the price volatility of metals, which is difficult to forecast, making
investments in the new technologies risky, and thus, constraining
development. One of the informants explained this: *The price of our
products is affected by world market metal prices, yet we must commit
to receive and process all the material in the same way, no matter what it
is and how it affects our product price. That is a challenge’ (Recyc2)

4.1.4. Infrastructure and technological constraints

The constraints in this category relate to product design and existing
WEEE infrastructure. Limited recyclability is one aspect of product
design, as products are often not designed to be easily recyclable, which
increases recycling costs and makes it more difficult to recover metals.
As one of the informants put it: ‘The amount of plastic composites,
difficult materials, and hybrid materials clearly increases there. Their
recyclability will certainly be affected by some market economy factors,
in which the recycling operator has no influence’ (Recycl). This is a well
recognised constraint both in the CE literature (see for example Tura
et al., 2019) and in practice. Furthermore, as the technological devel-
opment of electrical appliances is fast, the future material value of WEEE
is uncertain, thus increasing the risk of investment in more efficient
technologies. Interestingly, interviewees also considered technological
development of EEE as a driver for the implementation of new recycling
and recovery technologies, as the hybrid materials are a challenge to the
current destructive recycling technology. Processing WEEE requires
capital-intensive infrastructure, so the existing infrastructure is a
constraint which acts against systemic change. Here, the existing WEEE
infrastructure and related processes are perceived to be good enough
from a company perspective. This was explained by one of the in-
formants, who stated: ‘If you think about electrical and electronic waste,
the recycling of metal and precious metal has probably never been any
challenge’ (Recycl). Many of the respondents, however, considered that
the current pre-sorting system does not support more efficient recycling
and recovery processes, thus hindering the adoption of new recovery
technologies. In Finland, a large incineration capacity for mixed solid

waste treatment has been built, enabling efficient energy recovery, yet
limiting materials recovery, especially regarding lower value compo-
nents or complex components, such as complex hybrid materials and
plastics.

4.1.5. Institutional constraints

This group of constraints relates to legal frameworks and institu-
tional settings. Regulations and other policy instruments have often
been identified as important drivers for more advanced recycling and
circularity, which are needed due to a lack of economic incentives. On
the other hand, a lack of supporting regulation can become a constraint.
First, as part of regulations, the national EPR schemes for WEEE that are set
to implement an EU-level WEEE directive in Finland will create a
framework for the development of WEEE management. Although EPR
schemes are one of the key instruments in the transformation towards a
CE, the respondents saw that certain aspects of the existing EPR scheme
hinder the technological change. One of the main reasons is that with the
current EPR schemes, Finland is already fulfilling the recycling targets
required by the WEEE directive. There are no further institutional in-
centives to exceed quantitative or qualitative targets. On the other hand,
some parts of the EU legislation were considered to be inconsistent. For
instance, increasing plastic waste recycling targets and harmful sub-
stances regulation are not aligned, creating confusion and uncertainty
about the future and thus hindering investment in new technologies.
Additionally, the respondents had difficulties anticipating changes in
national legislation, which also makes the investment feel more risky.

In the EU and in Finland, various policy measures both drive and
hinder development. The respondents perceived is a lack of policy
measures to improve the recyclability of products, as today’s market-
based economic incentives are not sufficient to encourage producers
to improve the recyclability of electronic products.

4.2. Constraints leading to system-level lock-ins

While the identified individual constraints can impede the
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implementation of new closed loop solutions, the interactions between
coevolved individual factors seem to strengthen individual constraints
and lead to system-level lock-in (cf. Unruh, 2000, 2002) as explained next.

First, while the national EPR scheme falls into the institutional
constraint category, the implementation of this instrument is manifested
in other categories: in governance models and performance of supply
chains, as well as in economic factors and infrastructure (see Fig. 1). The
development of the WEEE management system is highly regulation
driven. The current national EPR scheme was designed to comply with
EU environmental regulation. The supply chains and WEEE treatment
technologies and processes have been designed to comply with EPR
regulations. The implementation and performance of the EPR scheme
for WEEE has been successful and quantitative recycling targets have
been achieved. However, it seems that legislative frameworks, espe-
cially EU WEEE legislation, can lock companies into minimum standards
that prevent innovation. While the EPR system seems to disincentivise
companies from investing in new technologies, uncertainty in regulatory
changes further strengthens the lock-in.

The second system-level lock-in emerges from several interlinked
techno-economic factors (Fig. 1). These factors include previous in-
vestments in the existing infrastructure, leading to high technological
and infrastructural switching costs. As the interviews indicate, the fast
technological development of EEE increases uncertainties about the
future material value of WEEE and, together with high material price
volatility, leads to significant financial risks. Furthermore, the perceived
low profitability of CRM recovery does not favour future investments in
new technologies. In addition, a novel treatment facility would then
have to compete for the same waste streams with the current system.
Taken together, these factors appear to create an unfavourable business
case for the adoption of new material recovery technologies.

The third key cause of system-level lock-in is found in the tensions and
challenges in collaboration within the supply chain (Fig. 1). According to
respondents, an individual company has limited transformative power
to change the existing complex system. Implementation of a new re-
covery technology would require several changes, not only within an
organisation but also throughout the entire supply chain as well as
collaboration between actors. Tensions between the producer commu-
nity and recycling operators regarding short-term contracts and pricing
models prevent cooperation, as does tough competition between recy-
cling operators. Such cooperation would be needed to change the system
to favour innovation. Furthermore, organisational inertia, including the
existing buyer-supplier relations and practices, and a perceived lack of
strategic fit for recycling operators, can further strengthen this lock-in.

5. Discussion

The transformation to a CE requires a systemic change. However,
established socio-technical systems may resist this change, and under-
standing the systemic nature of factors that impede the transformation is
necessary. As the CE entails the entire economy covering various con-
texts, research of these constraints is needed in different contexts (Tura
et al., 2019). This study started by identifying the various individual
constraints (Section 4.1) in the context of WEEE management. Previous
studies of WEEE management have focused on individual barriers or
constraints but systematic mapping of these has been missing.

The results illustrate the multitude of individual factors, in several
categories, constraining the transformation of the WEEE management
system and thus, elaborating on and extending previous studies on
barriers to the implementation of CE approaches (cf. Grafstrom and
Asama, 2021; Kichherr et al., 2018; Tura et al., 2019) in the context of
WEEE. Many of the identified main constraints categories are also rec-
ognised in other CE contexts, but their relative importance and some of
the sub-categories differ. As one example, legislative frameworks have
also been identified as a constraint in the previous literature (Kichherr
et al., 2018; Tura et al., 2019; Zhuravleva and Aminoff, 2021). This
empirical evidence from other CE contexts shows that the uncertainty of
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legislative development and lack of regulatory incentives hinder trans-
formation. The results of this study, on the other hand, emphasise the
role of WEEE legislation in locking companies into minimum standards
and preventing innovation. This, in fact, contradicts the WEEE di-
rective’s target, in which ‘producer responsibility is one of the means of
encouraging design and production of EEE which take into full account
and facilitate its repair, possible upgrading, reuse, disassembly and
recycling’. As an other example, regarding technological aspects, the
complexity of technology, the high upfront costs, and the lack of
know-how among the practitioners of these solutions are also recognised
in other CE contexts (Grafstrom and Asama, 2021; Tura et al., 2019).
However, in the context of WEEE, the previous investments in the
infrastructure, leading to high technological and infrastructural
switching costs, seem to lead to lock-in. From the perspective of supply
chains, lack of collaboration has been identified as one of the most
important constraints also in other CE contexts (cf. Tura et al., 2019),
but in the context of WEEE management, in addition to the lack of
collaboration, the tensions in supply chains were emphasised.

Interestingly, although the previous literature has identified existing
business models as potential barriers to change (cf. Corvellec et al.,
2013), this aspect was not strongly present in the empirical data of this
study. However, some elements of the business models are part of
various categories of constraints, especially part ‘supply chains’ and
‘economic and market-related’ constraints.

This systematic mapping of constraints framed the complex and
multifaceted challenge of transforming the well-established socio-tech-
nical system of Finnish WEEE management. The study shows that these
interrelated constraints may work independently, but they can at times
reinforce each other (cf. Corvellec et al., 2013). Importantly, we ana-
lysed the emerging patterns and identified how certain constraints
interact and lock the system in. The study identified the current national
EPR scheme, techno-economic issues, and tensions in the supply chain as
lock-ins. Systematically mapping and analysing the existing constraints
and their interactions can point to opportunities to overcome
system-level lock-ins (Corvellec et al., 2013).

This study makes an important theoretical contribution as under-
standing the reasons why a system is locked-in is a critical step towards
overcoming the obstacles to innovation and opening up possibilities for
the uptake of new closed-loop solutions and transformation towards a
CE (cf. Cecere et al., 2014). From a CE perspective, WEEE management
offers an interesting context to study this phenomenon, as technologies
and political pressures to improve the resource-efficiency of recycling
already exist.

This paper also makes some managerial and societal contributions.
WEEE represents a valuable source for secondary raw materials, which
should be better utilised due to the scarcity of many critical raw mate-
rials. New advanced recycling technologies that would enable the re-
covery of more metals and other materials exist, but their uptake has
been slow due to well established socio-economic system. In this
context, a key to unlocking the system is to reform the current producer
responsibility system; instead of just meeting weight-based recycling
targets, it would also consider the quality of recycled materials,
including the recovery of critical raw materials. This could encourage
innovation and uptake of technologies that improve the resource effi-
ciency of material recovery. Furthermore, the regulation should incen-
tivise producers to make their EEE more easily recyclable. Our results
show that policymakers, authorities, and company managers have to
work on an array of interrelated factors to overcome a lock-in, as lock-
ins are a matter of co-evolution as also suggested by Unruh (2000).

6. Conclusions

The case of the WEEE management system in Finland shows how the
various constraints interact to build lock-ins that inhibit the uptake of
advanced recycling technologies and transformation of WEEE manage-
ment towards a CE. These constraints are grouped into five categories:
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organisational, supply chain, economic and market related, institutional
and infrastructure and technological. While these identified individual
constraints may hinder the implementation of closed loop solutions, the
interactions between them seem to strengthen the constraints, leading to
system-level lock-in. This study identified the current national EPR
scheme, techno-economic issues and tensions in the supply chain as
lock-ins.

This study has limitations that point to opportunities for future research.
First, the study investigates constraints and locks-ins in a specific CE
context: WEEE management with a focus on materials recovery, which
has special contextual characteristics and is strongly driven by EPR
schemes. In future research, the constraints should be studied in other
contexts, for instance in the textile recycling industry, to see how
contextual factors influence lock-ins. Additional quantitative research in
this field would likely produce valuable insights regarding the signifi-
cance of the different constraints and their interactions. It would be
interesting to better understand this context-specificity of constraints
and adapt the contingency approach (see for example Sousa and Voss,
2008).

Furthermore, as this inquiry follows a qualitative research approach,
no claims are made regarding the generalisability of the identified
constraints in different contexts. This study only touched upon the
possibilities to break down the lock-ins. This provides an important
future research avenue. In this avenue, interesting aspects include
entrepreneurship and business model perspectives of WEEE manage-
ment. Despite the importance, reuse and remanufacturing of EEE were
beyond the scope of this study.
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