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ABSTRACT
This study introduces the integrative concept of Temporary Material Hubs (TMHs) as 
a newly adapted approach to enhance long-term improvement in circularity by stor-
ing prospectively valuable waste, under current conditions not feasible or possible to 
recover, for future recycling capabilities. TMHs aim to optimize resource recovery by 
prolonging the lifespan of materials in anthropogenic cycles and avoiding premature 
disposal. Unlike landfilling with subsequent landfill mining (disposal and later exca-
vation), TMHs proactively store such materials in controlled “hubs” to preserve value 
and enable future high-quality recovery. The conceptual framework is complemented 
by the known final sink concept to maintain clean material cycles. Given the lack 
of a clear definition of recyclability, this paper further proposes recycling pillars as 
guiding principles in the context of TMHs: environmental and health protection, avail-
ability of adequate recycling technologies, and economic feasibility including the 
availability of markets. Exemplary candidate materials for TMHs currently envisage, 
e.g., end-of-life wind blades and incineration residues. A SWOT analysis was used 
to discuss the strengths of TMHs in promoting resource optimization through post-
poned recycling, while identifying weaknesses such as uncertain costs and current 
lack of accurate technical implementation concepts. Opportunities lie in supporting 
European circularity goals and reducing primary material extraction, whereas threats 
include future regulatory uncertainties and inaccurate estimations of future waste 
recyclability. This study prepares the ground for future research and risk-assessment 
on technical, economical, and societal factors necessary for implementing TMHs 
on an industrial scale to ensure better functioning of the circular economy and a 
sustainable future.

1.	 INTRODUCTION
The waste sector is adapting to societal and environ-

mental needs while navigating through restricting policies 
and remaining tightly connected to the economy. Accord-
ing to the European waste hierarchy, the highest priority is 
waste prevention and minimization (European Parliament 
(EP) and the Council, 2024b). However, modern society 
inevitably produces waste, and globally, the current waste 
management system still relies mainly on disposal (land-
filling) (Kaza et al., 2018). New EU policies and strategies 
such as the European Green Deal strive for sustainable 
future based on the concept of circular economy, which 
conserves resources and keeps them in anthropogenetic 
cycles (European Council, 2024). Anthropogenic resourc-
es and waste are emerging as future sources of materials 
(Ghisellini et al., 2022). 

The overall aim to foster a circular economy is compro-
mised by the decrease in the share of secondary materials 

entering the global economy, from 9.1% in 2018 to 7.2% in 
2023 (Fraser et al., 2024). The European circular material 
use rate was 11.8% in 2023 (European Environment Agen-
cy (EEA), 2025). In addition, resource consumption has in-
creased significantly; society consumed a similar volume 
of  resources from 2018 to 2024 as during the entire 20th 
century (582 versus 740 billion tonnes, respectively (Fraser 
et al., 2024)). 

To counteract this trend, the European Commission 
(EC) sets clear targets for reuse and recycling of waste, 
e.g., 70% for construction and demolition waste by 2020 
and a 65% target for  municipal solid waste by 2035 (EP 
and the Council, 2024b). To further minimize environmen-
tal impact, the EU Landfill Directive restricts landfilling of 
recyclable waste from 2030 if suitable for material and 
energy recovery and caps landfilling of municipal solid 
waste at 10% by 2035 (EP and the Council, 2024a). De-
spite these efforts,  22.6% of  municipal solid waste was 
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still landfilled in the EU in 2019 as the primary treatment 
step (EC, 2020c).

Although recycling (followed by recovery) is at the 
bottom of the “10R” hierarchy (Vermeulen et al., 2019), it 
remains a cornerstone of a circular economy, keeping ma-
terials in anthropogenic cycles and maximizing their value. 
However, suitable markets for secondary materials are of-
ten not available. Some secondary raw material (SRM) mar-
kets, e.g., aluminium, glass and paper, are well-functioning 
with significant market shares of recyclates compared to 
raw materials (EEA, 2022, 2023). For instance, aluminium 
is highly circular and recyclable, maintaining its quality 
through repeated processing. Its primary production is very 
energy-intensive, but recycling saves up to 95% of energy 
and CO2 emissions (European Aluminium, 2017, 2020). 

In contrast, SRM markets for biowaste, construction and 
demolition waste, plastics, textiles and wood are generally 
less functional. The EEA attributes this to smaller market 
size, weaker demand, and inconsistent material specifi-
cations, hindering industrial applications (EEA, 2023). For 
instance, only a small percentage of construction and dem-
olition waste is economically valuable, leading to low-qual-
ity recycling and a global recovery rate below one-third of 
the total amount of this waste (EEA, 2022; Ghisellini et al., 
2022). While technology is available, market challenges, 
rather than technical limitations, appear to hinder recycling 
rates. The market is predominantly local (EEA, 2022).

To ensure sustainability, product designers must con-
sider ecodesign rules embedded in the Ecodesign for Sus-
tainable Products Regulation (EP and the Council, 2024c). 
Meanwhile, the waste management sector must handle 
already produced waste and products not yet targeted for 
recycling. Some materials are currently not feasibly recy-
clable or lack SRM markets but could become recyclable 
in future. However, the current waste management system 
prioritizes immediate processing, often through energy 
recovery or disposal, for materials/waste lacking imme-
diate value, due to legal or financial issues. Storing them 
in specifically designed temporary deposits for postponed 
recycling could enhance circularity and material recovery. 
Already in the 1990s, ideas of prolonged storage for re-
cyclable materials were explored. For example, a patent 
proposed temporarily storing plastic waste in bales within 
landfills (Herhof Umwelttechnik GmbH, 1992). This method 
aimed to reduce fire risks during storage by mixing plastic 
waste with low calorific value additives, such as processed 
construction waste or other inert materials, and bundling it 
into bales. The goal was to make the stored waste reusable 
in the future, expecting advancements in plastic recycling 
technology within 5 to 10 years (Herhof Umwelttechnik 
GmbH, 1992). However, this concept has not yet become 
widely established. Current concepts of temporary stor-
age of waste are usually short-term and for specific waste 
streams (e.g., e-waste, hazardous waste, waste from disas-
ters, demolition waste from military actions), which require 
proper disposal or recycling at a postponed date. 

Conversely, legislative efforts to  reduce disposal and 
energy recovery in favour of maximized material recovery 
may increase contaminated materials in anthropogenic cy-
cles. Contaminated waste poses risks to the environment, 

human health, clean cycles, and high-quality secondary 
materials, requiring safe disposal (Kral et al., 2013). The 
EEA emphasizes the importance of sustaining clean ma-
terial cycles for a functioning circular economy, both from 
a  safety and an economic perspective (EEA, 2017). The 
Regulation on the Registration, Evaluation, Authorization 
and Restriction of Chemicals (REACH) promotes “safe-by-
design” chemicals, substituting hazardous chemicals by 
safer ones. However, hazardous chemicals and so called 
persistent pollutants can persist in older products and re-
covered materials (EC, 2020b), especially within open-loop 
recycling systems (Pivnenko, 2016). Pivnenko (2016) pro-
posed a hierarchy for contaminant mitigation, recommend-
ing incineration or adequate final sink (controlled landfill) 
when contaminant removal technologies or organizational 
approaches are unavailable. 

This study proposes a conceptual framework to en-
hance circularity in the mid- to long term by introducing 
Temporary Materials Hubs (TMHs) for controlled, pro-
longed interim storage of materials/waste, targeting for 
the postponement of  recycling until technological ad-
vancements or favourable economic conditions make it 
feasible and environmentally safe. By formalizing TMHs as 
a distinct strategy, introducing “recycling pillars” as a nov-
el decision-making framework for evaluating recyclability, 
and integrating final sinks to maintain clean material cy-
cles, this approach addresses a gap in current waste man-
agement strategies and meaningfully advances circular 
economy efforts. 

Currently, the considerations focus on the EU, propos-
ing a conceptual framework based on the region’s waste 
management priorities and EU-waste hierarchy; however, 
with adaptations to meet legal, technical and economic 
conditions of other regions, the framework could reach 
global applicability.

2.	 MATERIALS AND METHODS 
The concept is grounded in an integrative literature 

review, a methodological approach designed to systemat-
ically generate new concepts or ideas from existing litera-
ture (Torraco, 2016). Findings were used to create a con-
ceptual framework and a renewed organizational approach 
in waste management, differentiated from existing interim 
storage strategies.

The integrative literature research was crucial for de-
veloping TMHs, as the explorative nature of this research 
required a structured yet flexible approach, studying mostly 
mature topics. During the literature research, we identified 
six key themes, which are visualized in a concept map in 
Figure 1, along with associated key words demonstrating 
the systematic process behind the analysis. Storage of 
radioactive waste was excluded, ensuring the focus on 
relevant studies. Five materials/types of waste with limit-
ed recyclability were chosen to highlight the need for this 
concept. Two purposes are explored in detail, and a SWOT 
analysis assesses the theoretical concept’s performance. 
The TMHs concept is complemented by final sinks to en-
sure safe disposal of non-recyclable (e.g., asbestos, wood-
en railway sleepers), contaminated (e.g.,  textiles contain-
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ing perfluoroalkyl and polyfluoroalkyl substances (PFAS)) 
or degraded materials in order to sustain clean material cy-
cles and protect the environment. Detailed considerations 
of the final sink concept are excluded, as they are covered 
by existing publications (Cossu, 2016; Kral et al., 2013, 
2019; Stanisavljevic & Brunner, 2021). 

European Directives and national legislations were 
studied to examine the current legal state of waste stor-
age and circularity, while EC documents provided data on 
specific waste streams. In total, 134 references are cited 
in our study, including peer-reviewed studies as a majority, 
followed by EU policy documents and research reports. 

Discussions with waste management experts and sci-
entists, mainly from Austria and Germany (e.g., concept 
presentation and discussion at young scientist congress 
hosted by DGAW), and peer groups (e.g., academic men-
tors, faculty members and fellows of the interdisciplinary 
BOKU-Doctoral School “Transitions to Sustainability” 
(T2S)), served as a valuable complement and provided ad-
ditional input also from other disciplines. Experts individu-
ally evaluated the general concept of TMHs, no structured 
interviews were conducted at this stage.

3.	 CURRENT RECYCLING LIMITATIONS AND 
CHALLENGES

Recyclability determines whether materials/waste re-
main within the anthropogenic cycles. The Waste Frame-
work Directive very generally describes recycling as “any 
recovery operation by which waste materials are repro-
cessed into products, materials or substances whether for 
the original or other purposes” (EP and the Council, 2024b), 
providing no criteria to assess “recyclability”. In general, a 
single definition of recyclability is missing on the EU level. 
Currently only the Proposal for a Regulation on packag-

ing and packaging waste briefly addresses this issue (EC, 
2022). Similarly, the EU Landfill Directive sets restrictions 
for landfilling waste suitable for recycling or other material 
or energy recovery without defining such waste properties 
(EP and the Council, 2024a). Geist & Balle (2025) currently 
also emphasized the critical need for a conceptual basis to 
improve recyclability within the framework of the circular 
economy.

Sustainable and circular practices can be encouraged 
through incentives, while penalties can deter undesirable 
behaviours; however, enforcement of such legislation can 
be challenging (Fraser et al., 2024). An example of a reg-
ulatory incentive is the minimum content requirement for 
recycled material in packaging (EP, 2024a). The Single-Use 
Plastics Directive mandates that by 2025, beverage PET 
bottles must contain at least 25% recycled plastic, based 
on an average for all PET bottles sold in a Member State 
(EP and the Council, 2019). This legislation is expected to 
drive up the price of recycled PET, potentially surpassing 
that of virgin PET. This creates the need for high-quality re-
cycled plastics, and the market for recycled and virgin ma-
terial could be separated (EEA, 2022; Larrain et al., 2021).

Environmental and health protection is pivotal and 
should be the primary determinant of waste recyclability. 
Adequate recycling technologies often lag behind the de-
velopment of new materials. For instance, while Bakelite, 
the first synthetic mass-produced plastic, was synthe-
tized in 1907 and polyethylene in  1935 (Andrady & Neal, 
2009; Plastics Europe, 2021), plastic recycling only began 
in the 1970s (Hopewell et al., 2009), and even after more 
than 50 years, it is still not established comprehensively. 
The widespread application of recycling technologies is 
tightly connected to economic feasibility. Even in the ab-
sence of contamination and with available recycling tech-
nologies, economic factors can hinder recycling. The main 

FIGURE 1: A concept map visualizing the six key themes and the methodological approach of the integrative literature review and the 
development of conceptual framework.
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limitations and challenges influencing recycling efforts are 
summarized in Table 1.

Given the current lack of a universal definition of re-
cyclability at the EU level and as guiding principles in the 
context of the proposed conceptual framework, this study 
defines the key factors determining recyclability to be: 
(1)  contribution to environmental and health protection, 
(2)  availability of adequate recycling technologies and 
capacities, and (3)  economic feasibility, including the ex-
istence of markets. The combination of all these pillars 
makes materials/waste theoretically recyclable (Figure 2). 
Legislation plays a crucial role in supporting or hindering 
these pillars and consequently recycling efforts by setting 
targets and restrictions.

Figure 2 shows, for example, that if a SRM market is 
unavailable or recycling is generally not economically fea-
sible, waste is prone to be disposed of in landfills or sub-
jected to thermal treatment (upper left grey triangle in Fig-

ure 2). This applies to, e.g., some types of plastic waste 
(Lim et al., 2023). Similarly, some materials/waste lack ad-
equate recycling technologies (upper right grey triangle in 
Figure 2), e.g., the recycling outputs do not reach sufficient 
quality – such as in the case of composites (EC, 2023c). 
The lack of feasible recycling options can be addressed by 
TMHs (represented by the light green triangles in Figure 2). 
Vice versa, if recycling technologies are available and SRM 
markets exist but the recycling outputs do not comply with 
existing environmental standards, final sinks should be em-
ployed to keep the material cycles clean. 

To improve the broader applicability of the concept of 
recycling pillars, it is necessary on the mid-term to define 
specific quantitative indicators. Such indicators might in-
clude, for example, the technology readiness level (to as-
sess the availability of adequate recycling technologies), 
carbon footprint reductions or toxicity risk score (to evalu-
ate environmental and health impacts) or a range of mar-

Category Limitations and challenges

Environmental issues
•	 Increasing number of substances identified as harmful (European Chemicals Agency, 2024) 
•	 Waste contamination by hazardous substances, despite labelled as “absolute non-hazardous” (European Environmental Bure-

au, 2017)

Technical issues

•	 Compromised quality of recycling outputs (EEA, 2022; European Environmental Bureau, 2017; Johansson et al., 2020; Ku-
senberg et al., 2022; Larrain et al., 2021)

•	 Lack of capacity of recycling facilities (EP, 2024b; Xie et al., 2024)
•	 Lack of end-of-life considerations from product designers (missing “design for recycling”) (Sommer et al., 2020)
•	 Potential contamination of waste streams and presence of hazardous substances – affecting e.g., food contact product safety 

(EC, 2024; EEA, 2022)
•	 Quality of collected waste (EEA, 2022)

Economic issues

•	 Competition with energy recovery (EEA, 2022)
•	 Difficult assessment of potential environmental benefits of recycling in monetary terms (Larrain et al., 2021)
•	 Higher value of virgin material compared to recycled feedstock (EEA, 2022; Hestin et al., 2015)
•	 Lack of economic incentives to prioritize recyclability in product design (EEA, 2022)
•	 Prices of recycled plastic products are coupled to oil prices (Larrain et al., 2021)
•	 Volatility of primary raw market and consequently impaired stability of SRM market development (EEA, 2022)

Legislative issues

•	 Insufficient end-of-waste legislation and lack of EU-wide quality standards (EEA, 2022, 2023)
•	 Lack of legislation regarding the provision of information about the presence and nature of hazardous substances in “end-of-

life-products” (European Environmental Bureau, 2017)
•	 Lack of regulatory incentives to prioritize recyclability in product design (EEA, 2022)
•	 Lack of taxes to strengthen competitiveness of recycled materials (EEA, 2023)
•	 Limitations in waste classification (European Environmental Bureau, 2017)

TABLE 1: Exemplary limitations and challenges affecting recycling efforts divided into four categories, then in alphabetical order.

FIGURE 2: Visualisation of “recycling pillars” and gaps (grey areas) as well as Temporary Material Hubs and final sinks as a proposal to fill 
in these gaps in an improved circular economy.
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ket indicators such as break-even virgin material price (to 
determine economic feasibility). However, to develop new, 
adapt or apply existing indicators is quite use-case specific 
and must be done individually for the considered materi-
al/waste. Van Nielen et al. (2022) developed a framework 
assessing recyclability of minor metals and defined a set 
of specifically related factors/indicators for this use case. 
The following chapter explains the concept of TMHs com-
plemented by final sinks in a bigger detail.

4.	 THE CONCEPT OF TEMPORARY MATERIAL 
HUBS
4.1	Conceptual framework

The scheme of a circular economy desired by the EU 
(Figure 3 a) is a semi-closed loop where most materials 
circulate, some raw materials enter the cycle and a portion 
is disposed of as residual waste (EP, 2023). This model 
effectively utilizes currently valuable waste but directs 
materials with potential future value (examples listed in 
4.2), to disposal or energy recovery, which is problematic 
as primary resources depletion accelerates (Jensen et al., 
2012). 

A new enhanced material recovery loop (Figure 3 b) 
replaces residual waste proposed for disposal with TMHs, 
designed to temporarily store materials/waste unsuitable 
for immediate recycling within the present waste manage-
ment infrastructure and market situation. These materials 
are intended for targeted re-mining followed by further 
processing (recycling), meaning remining is not just an op-
tion, it is the focused obligation. Diverting materials/waste 
from disposal (or thermal treatment) to storage for future 
recycling is logical given scarcity of natural resources and 
advancing recycling technologies. This concept demands 
storage periods exceeding current legislation, such as the 
3-year limit in EU (EP and the Council, 2024a).

TMHs support the ambitious goals outlined in the 
Waste Framework Directive and the Landfill Directive to 
increase the amount of waste recycled and reduce the 
amount of (municipal) waste sent to landfills (EP and the 
Council, 2024a, 2024b). They align with the new Circular 
Economy Action Plan by aiming to lower the demand for 

extraction of primary resources and increase the circular 
material use (EC, 2020a). 

TMHs can be categorized into two types based on the 
properties of the stored material/waste and the process-
es and operations taking place during the storage period: 
static and dynamic. In static TMHs, materials/waste are 
stored in an intact state with optional pre-treatment and re-
main unchanged until remining and recycling. These TMHs 
are adequate for inert materials/waste. On the other hand, 
materials/waste in dynamic TMHs undergo desirable and 
engineered transformations before re-entering recycling 
options and material cycles and might require additional 
monitoring and regulation.

A comprehensive database and mapping of stored ma-
terials/waste ensures targeted excavation/remining with 
the intention of postponed recycling, making TMHs more 
cost-effective than landfill mining due to upfront planning 
allowing feasible and environmentally safe extraction of 
stored materials/waste. Examples of candidate materials/
waste for both types of TMHs are listed in Table 2, with 
detailed purposes in subsections 4.2 and 4.3. 

To complement TMHs and the enhanced material re-
covery loop, waste unsuitable for both immediate and 
postponed recycling is directed to a safe disposal – final 
sinks (Figure 3 b). While a harmonized definition of final 
sinks is lacking, Kral et al. (2013) defined them as “a sink 
that either destroys a substance completely, or that holds 
a substance for a very long time period”. Stanisavljevic & 
Brunner (2021) perceive (final) sinks as a crucial part of the 
circular economy as they accommodate hazardous mate-
rials/waste without economic value. Final sinks serve to 
safely remove materials or waste unsuitable for recycling 
from the material cycles, even as efforts focus on reducing 
landfilling and increasing material recovery. For instance, 
this regards paper products that remain contaminated by 
polychlorinated biphenyls even after chemical cleaning, as 
well as contaminated polymers or paperboard recyclates 
(EEA, 2017; Mofokeng et al., 2024; Pivnenko, 2016; Zhong 
et al., 2025). Besides contamination, there are also limita-
tions caused by material degradation during the repeating 
recycling processes (e.g., cellulose, polymer or carbon fi-
bres after several recycling cycles) (Isa et al., 2022; Yang & 

FIGURE 3: An innovative concept of a circular economy; a) currently desired circular economy loop (adapted from EP, 2023); b) circular 
economy loop including TMHs and final sinks.
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Berglund, 2020). Kral et al. (2013) emphasize the need for 
safe final sinks for all unwanted substances, mandating a 
reassessment of material design strategies when suitable 
sinks are unavailable. 

Final sinks can be both, natural or anthropogenic (Stan-
isavljevic & Brunner, 2021). An appropriate anthropogenic 
final sink for most organic pollutants, such as polybromi-
nated diphenyl ethers, is state-of-the-art waste incinera-
tion; as it is for many other hazardous organic substances 
(Stanisavljevic  &  Brunner, 2021; Vyzinkarova & Brunner, 
2013). According to Stanisavljevic & Brunner (2021), even 
inorganic substances can use incineration plants as their 
final sinks. Furthermore, controlled landfills operating 
based on the concept of a multi-barrier system (Stief, 
1989) serve as today’s final sinks. To maintain clean cycles 
and functional industry, society should focus on delivering 
the optimal amount of secondary resources rather than the 
maximal amount (Kral et al., 2013).

4.2	Exemplary candidate materials/waste for Tem-
porary Material Hubs

In order to assess the need for TMHs and to roughly 
estimate their future demand, a screening of the current 
situation regarding the generation of “new or future waste 
streams” within the EU was carried out. Candidate materi-

als/waste for TMHs are summarized in Table 2, together 
with their waste code, the amount currently generated and 
disposed in the EU, and also the related waste manage-
ment and recycling issues. With respect to the proposed 
concept shown in Figure 2, these respective streams fall 
within the grey zones between recycling pillars. 

Two examples (end-of-life wind blades and incineration 
residues) are then used as exemplary purposes in subsec-
tions 4.3 and 4.4.

4.3	Exemplary purpose for static Temporary Mate-
rial Hubs

Diverse complex materials previously used in specific 
applications are becoming widely present in waste man-
agement – e.g., carbon fibre-reinforced polymers. Being 
used in wind blades, they are expanding due to the boom 
of renewable energy sources aimed at achieving net-ze-
ro emissions of greenhouse gases by 2050 (EP,  2021). 
Wind blades are also made of glass-reinforced polymers 
(the majority). Altogether, these materials are known as 
composites; they are resistant towards severe weather 
conditions with a usual life-span of 20-25 years (National 
Grid, 2023; Spini & Bettini, 2024). Estimates for wind blade 
waste generation in the EU between 2020 and 2030 vary 
widely. Sommer et al. (2020) project 570,000,000 tonnes of 

Material/waste/ 
product Waste code Amount generated  

in the EU Disposal rate in the EU Waste management and recycling issues Type of 
TMHs

Composites/ 
wind blades

17 02 031 or  
17 09 042

Differs:  
185,000 tonnes by 20303; 
570 million tonnes by 
20304;
350,000 tonnes by 20305

•	 Lack of reliable data1,6–10

•	 Landfilling or incineration 
without energy recovery of all 
composites: approximately 40-
70% (160-280,000 tonnes/year)6

•	 The majority is co-processed in ce-
ment kilns, incinerated or landfilled1,7–10

•	 Material degrades during recycling11

•	 Virgin material is more valuable11
STMHs

Incineration 
residues

19 01 11*, 
19 01 1212

19-31.8 million tonnes/
year13,14

•	 Landfilling: 11.3-16 million 
tonnes/year14

•	 Few environmentally safe recycling 
methods15

•	 Environmentally challenging use of 
recyclates, often resulting in additional 
landfill waste16

DTMHs

PVC 02 01 04, 
20 01 3912

2.5-4.1 million tonnes/
year17

•	 Incineration with energy recove-
ry: 46% (1.5-1.9 million tonnes/
year)17

•	 Landfilling or incineration 
without energy recovery: 19% 
(0.5-0.8 million tonnes/year)17  

•	 Primarily incinerated rather than 
recycled; landfilling is restricted18,19

•	 Incineration: danger  
of dioxin production19

•	 Recycling technologies: limited by 
costs, high energy consumption, envi-
ronmental impact, problematic quality 
of produced feedstock, low yield and 
the need for further research20

STMHs

Textiles/ 
clothing

20 01 1012 5.2 million tonnes/year21 •	 Incineration or landfilling: 78%  
(4.1 million tonnes/year)21

•	 The majority is incinerated, landfilled 
or exported to low-income countries22

•	 Costly sorting and separation; low-
quality secondary feedstock23

•	 Contamination, e.g., by per- and 
polyfluoroalkyl substances24

STMHs

Tires 16 01 0312 300 million pieces/year 
25,26;  
over 3.5 million tonnes/
year26

•	 Landfilling is prohibited27

•	 Incineration for energy produc-
tion: 40%  
(1.4 million tonnes/year)28

•	 The majority is incinerated or recycled 
for low-value applications26

•	 Recycling technologies: high in-
vestments costs, low efficiencies or 
being a threat to the environment29

•	 Ongoing landfilling despite its unsuita-
bility (banned in the EU)27,30,31

STMHs

1 WindEurope (2020), 2 LAGA (2019), 3 Lichtenegger et al. (2020), 4 Sommer et al. (2020), 5 WindEurope (2021), 6 EuCIA (2023), 7 EC (2023c), 8 Gast et al. 
(2024), 9 Spini & Bettini (2024), 10 Volk et al. (2021), 11 Composites UK (2016), 12 EC (2014), 13 Lamers (2015), 14 Zero Waste Europe (2022), 15 Cao et al. (2024), 
16 Fellner et al. (2015), 17 EC & Ramboll (2022), 18 Lahl & Zeschmar-Lahl (2024), 19 Miliute-Plepiene et al. (2021), 20 Ait-Touchente et al. (2024), 21 EC (2023a), 
22 Stipanovic et al. (2023), 23 Andini et al. (2024), 24 Umweltbundesamt (2024), 25 EC (2023b), 26 Roetman et al. (2024), 27 EP and the Council (2024a), 28 Allen 
(2024), 29 Wu et al. (2024), 30 Dobrotă et al. (2020), 31 Guo et al. (2024)

TABLE 2: Currently relevant candidate materials/waste for TMHs; alphabetical order (DTMHs – dynamic TMHs; STMHs – static TMHs).
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wind blade waste to be generated between 2020 and 2030. 
The number was also cited in an EU article (EC, 2023c); 
however, the respective study shows some inconsistencies 
in data provided and therefore, this high number should be 
considered with caution. Lichtenegger et al. (2020) con-
cluded that there will be approximately 185,000 tonnes of 
wind blade waste by 2030. WindEurope (2021) expects this 
amount to be around 350,000 tonnes. The installed capac-
ity is predicted to increase from 255 GW in 2022 to a total 
capacity of 384 GW in 2027 (Gast et al., 2024; Sommer et 
al., 2020; WindEurope, 2023). Nonetheless, wind blade com-
posites shall account for only 10% of thermoset polymer 
composite waste in Europe by 2025 (WindEurope, 2020).

Recycling of wind blades (approx. 2-5% of the wind tur-
bine by mass) poses industrial challenges that are not sat-
isfactorily resolved (Alves Dias et al., 2020; Schmidt, 2024; 
WindEurope, 2020). The majority of wind blade waste is 
currently co-processed in cement kilns, incinerated or land-
filled, although data on the final destination of dismantled 
blades is scarce (EC, 2023c; Gast et al., 2024; Spini & Betti-
ni, 2024; Volk et al., 2021; WindEurope, 2020). While virgin 
material is more valuable due to the degradation of recy-
cled fibres (Composites UK, 2016), recycled feedstock can 
be used in industries tolerating lower quality and length of 
carbon fibres, such as the manufacture of hobby products 
for sports and leisure time, as suggested by Limburg and 
Quicker (2016). The costs of carbon fibres obtained from 
pyrolysis are up to four times lower than the costs of virgin 
material (approximately 5,000 EUR per tonne compared to 
approximately 20,000 EUR per tonne, respectively) (LAGA, 
2019). The precursor used to  manufacture carbon fibres 
significantly influences the final costs (Nunna et al., 2019), 
contributing over 50% to the total costs of the final prod-
uct (Ellringmann et al., 2016; Nunna et al., 2019). Produc-
ing virgin carbon fibres is highly energy-intensive, requiring 
approximately 1,150 MJ/kg, whereas fibre recycling needs 
only 10% of this energy (Salas et al., 2023). Wind blades were 
labelled as “future waste” – a waste stream that is usually 
created by long-lived products that have already entered 
anthropogenic cycles in significant quantities. These are 
expected to increase in the future together with an increase 
in waste generation, and there are no feasible recycling 
technologies for them yet (Pomberger & Ragossnig, 2014). 

Materials as composites cannot be currently feasibly 
recycled because the outputs from mechanic recycling 
do  not reach sufficient quality; while chemical methods 
come with high implementation costs and consume vast 
amounts of energy (EC, 2023c). The outputs of thermal re-
cycling methods bear disadvantages of compromised fibre 
length together with low polymer recovery rate. Due to their 
rather stable properties, dismantled wind blades could be 
stored in static TMHs and extracted when favourable recy-
cling conditions are reached. 

4.4	Exemplary purpose for dynamic Temporary Ma-
terial Hubs

Out of 229 million tonnes of municipal waste generated 
in the EU in 2022, 59 million tonnes (26%) were incinerat-
ed (Eurostat, 2024). Incineration residues are unavoidable 

mineral products of waste incineration and contain, e.g., 
metals and rare earth elements. One ton of waste produc-
es approximately 0.2-0.25 tonnes of incineration residues 
(Chen et al., 2023; Lamers, 2015; Reig et al., 2023). The 
main management option remains landfilling (Margallo et 
al., 2015), the most practical reuse option appears to be in 
road or embankment constructions (Oehmig et al., 2015). 

There are currently few environmentally safe recycling 
methods (Cao et al., 2024). Current technologies enable 
the extraction of valuable compounds from incineration 
residues or the removal of harmful substances – e.g., met-
als can be extracted by leaching in acids and further used 
in industry (Cao et al., 2024; Reig et al., 2023). While some 
European countries (Netherlands, Switzerland) have at-
tempted to recycle incineration residues, they have encoun-
tered environmental challenges, often resulting in addition-
al landfill waste (Fellner et al., 2015). Incineration residues 
could benefit from the concept of dynamic TMHs, although 
considering that a large mass of residues must be handled, 
sufficient storage space must be provided.

A similar concept has already been described by Saps-
ford et al. (2023). Their ASPIRE concept is inspired by nat-
ural lithospheric weathering and pedogenetic processes, 
aiming to mimic those with waste, as observed in mine 
tailings and smelter residues. Carbon dioxide might be 
mitigated through ash weathering and ash could be reused 
as cement mixture or in agri-/silviculture as source of nu-
trients given its content of critical elements and minerals. 
Stored material could be “cleaned” or concentrated during 
its time in a facility and after the defined time period, it can 
be remined (Sapsford et al., 2023). 

Weathering significantly changes the properties of incin-
eration residues (Chimenos et al., 2003). Chen et al. (2023) 
and Chimenos et al. (2003) state that reactive substances 
in waste residues react and form physically and chemically 
stable phases with reduced release of heavy metals. This 
is in harmony with findings made by Obernberger and Su-
pancic (2024) who have described ageing of incineration 
ashes during storage periods, and Mostbauer et al. (2008) 
who analysed the chemical weathering of waste incinera-
tion residues and the sequestration of CO2 through the so-
called BABIU process (Bottom Ash for Biogas Upgrading). 
Processes taking place during ash ageing/weathering in-
clude reduction of pH, Ca solubility reduction and volume 
stabilization (Gori et al., 2013; Obernberger & Supancic, 
2024). While natural weathering and pedogenetic process-
es last long time periods, the processes in TMHs have to be 
usable for anthropogenically relevant timescales. Although 
incineration residues show reduced carbonation efficien-
cies compared to  reference materials (e.g., composite 
of spent refractories with uptake up to 438 kg of CO2 per 
ton of material), they absorb CO2 (Schinnerl et al., 2024). In 
the case of bottom ash, the uptake is approximately 60 kg 
of CO2 per ton of material (ibid.).

5.	 DISCUSSION
The lack of a clear recyclability definition at the EU level 

complicates recycling efforts. Defining recyclability would 
simplify deciding whether a material shall be kept in an-
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thropogenetic cycles (either to be recycled directly or to be 
kept in TMHs) or if it should find its final sink. Pomberg-
er and Bezama (2024) discussed the need for redefinition 
and sharpening of the term recyclability and pointed out 
the differences between theoretical, technical and real re-
cyclability. Esguerra et al. (2024) describe recyclability as 
the potential for sorting out and subsequent recycling in 
corresponding facilities, thus focussing on the technical 
issues. The non-profit initiative RecyClass names a defini-
tion stating that plastics considered recyclable must meet 
conditions similar to those in the Proposal for a Regulation 
on packaging and packaging waste (RecyClass, 2024).

Recycling options and efforts are tightly connected to 
regulative challenges. There is, for example, a need for im-
proved end-of-waste legislation and inclusion of EU-wide 
technical standards assuring that recycling operators pro-
duce material of stable quality (EEA, 2022, 2023). The com-
petitiveness of recycled materials needs to be enhanced 
by the implementation of taxes or subventions, and the im-
plementation of reasonable quotes to include recyclates in 
new products (EEA, 2023).

5.1	Previous concepts on remining and temporary 
storage 

Storage of waste described in previous literature and 
regulations is usually connected to subsequent utilization 
or disposal in a short time. According to the EU Waste 
Framework Directive, temporary storage means storing 
waste before transportation to a  waste treatment facili-
ty (EP and the Council, 2024b). The EU Landfill Directive 
states that  storage of waste prior to disposal for over 1 
year, and prior to recovery or treatment for over 3 years, is 
legally considered a landfill (EP and the Council, 2024a). In 
that case, the site has to comply with landfill regulations 
(Lehmphul, 2024).

Such time periods might not be sufficient as certain 
emerging waste streams need longer times in storage 
before their feasible utilization. Thus, TMHs have a clear 
intention of postponed recycling of the material/waste, 
unlike the current concepts of storage that can in certain 
cases serve to postpone disposal. 

The case studies in literature emphasize the importance 
of further research of storage solutions for postponed re-
source recovery, that highlight the potential application and 
necessity of TMHs. One notable example is sewage sludge 
incineration and the subsequent treatment of ashes. Re-
search has shown that, especially in case of mono-incin-
eration, the storage of ashes should be considered, since 
the recovery of phosphorus from sewage sludge ash is not 
feasible at the present phosphorus market price (Bagheri 
et al., 2024; Montag et al., 2015). However, it can become 
economically feasible if the phosphorus price rises. Com-
panies such as EasyMining with its Ash2Phos technology 
are on the way towards the commercialization of phospho-
rus recovery, with their recovery plant to start operations in 
early 2027 (EasyMining, 2025). 

A step towards partial implementation of this concept 
can already be seen in the city of Zurich, which operates a 
sewage sludge mono-incineration plant with a future ded-

ication to store produced ashes and enable future phos-
phorus recovery and recycling (Eicher, 2025; Montag et al., 
2015). 

A similar approach can be observed in the wind energy 
sector. Several European companies involved in wind blade 
decommissioning are already postponing disposal while 
independently researching economically feasible solutions 
or anticipating their emergence in the near future. This 
strategy underscores the justification for the costs asso-
ciated with storage or potential postponed disposal (Nagle 
et al., 2022).

The German federal state waste working group LAGA 
(2019) addresses the storage of carbon fibre-reinforced 
material until adequate recycling routes are available. The 
need for temporary material storage before recovery is 
supported by the concern that carbon-reinforced polymers’ 
fibre dust might be carcinogenic and have negative effects 
on health similar to those of as asbestos. Therefore, fur-
ther research is needed to assure appropriate handling 
(LAGA, 2019). 

The Austrian ministry is planning to  temporarily allow 
previously forbidden landfilling of carbon- and glass-rein-
forced polymers. This decision is based on the current lack 
of recycling capacity or its insufficient performance (BMK, 
2024). This intent contradicts the wind industry’s goal to 
have landfilling of decommissioned wind blades banned by 
2025 (WindEurope, 2021). 

The few temporary storage concepts previously de-
scribed in international literature are usually related to 
specific cases and waste streams (Table 3). The concepts 
range from disaster management, short-term storage of 
demolition waste from military actions and hazardous 
waste on drilling sites to so-called monofills for future min-
ing. However, they do not necessarily lead to subsequent 
recycling (Table 3). 

The “dead storage” of products is a specific and special 
case of unintended and undesirable temporary storage. 
This practice has negative effects on the circular economy 
as valuable substances remain in drawers rather than in re-
cycling facilities and cannot become secondary feedstock 
(Wilson et al., 2017). The products lose their economic val-
ue with the duration of storage (Inghels & Bahlmann, 2021); 
engineered TMHs should have the reverse effect – the val-
ue of material/waste is unlocked with age. 

The concept of TMHs shares similarities with ap-
proaches such as urban mining, landfill mining and mono-
filling, but key distinctions set TMHs apart. Urban mining 
is primarily driven by the aim to recover materials directly 
from the urban environment (Ghisellini et al., 2022). TMHs 
complement urban mining by providing storage for mate-
rials from deconstruction or building mining that lack im-
mediate market demand. The ultimate purpose of TMHs is 
to prevent disposal in a landfill altogether and make post-
poned use of materials already present in anthropogenic 
deposits.

Landfill mining, as a subcategory of urban mining (Jo-
hansson et al., 2013), addresses disposal as the least de-
sired option in the waste hierarchy and aims to “reverse” 
its effects (Ghisellini et al, 2022). Enhanced landfill mining 
builds upon this concept by considering the valorisation of 
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mined waste for both material and energetic use (Jones et 
al., 2013; Parrodi et al., 2020). The key distinction between 
TMHs and landfill mining lies in TMHs’ strict commitment 
to material recovery. In landfill mining, remining is an op-
tion, while TMHs make it an obligation. Moreover, the phys-
ical space of TMHs is not only limited to “landfill area”, also 
further options like unused factories, storage halls, brown-
fields etc can be adapted and used. 

Monofills, in contrast, are landfills or compartments of 
landfills designed to dispose a single type of waste. Ex-
amples include e-waste monofills proposed by Kahhat & 
Kavazanjian (2010) and also incineration residue monofills 
(Roessler et al., 2017). Mining a monofill to recover mate-
rials is similar to landfill mining, but the homogenous na-
ture of waste in monofills may simplify the mining efforts 
compared to mixed waste landfills. TMHs differ in that 
remining is inherent to their design, and they are intended 
to be employed for restricted time periods, offering a flexi-
ble and potentially modular solution for efficient remining. 
Nevertheless, well-considered and specifically planned 
monofills, if designed for high-quality remining, can act as 
a transitional form of TMHs, bridging the gap between cur-
rent and future recycling advancements.

5.2	Factors impacting the performance of the Tem-
porary Material Hubs

Several factors must be considered, researched and 
clarified to allow a successful implementation and integra-
tion of TMHs into the circular economy in practice. As part 
of this exploratory study, a conceptual SWOT analysis was 
conducted to assess the theoretical potential performance 
of TMHs based on the data acquired from literature screen-
ing and discussions with experts and peer groups (Figure 4). 

The biggest strength of the TMHs concept lies in the 
optimization of resource use and the reduction of waste 
going to (final) disposal, and due to the need of a compre-
hensive database of stored waste, material traceability 
should be enhanced. 

However, a key weakness is the current difficulty in esti-
mating the economic situation (prospective costs and rev-

enues) due to the lack of detailed technical implementation 
concepts, suitable siting and adequate storage capacities. 

The opportunity in the use of TMHs is the support of 
the European circularity goals, allowing feasible recycling 
of currently non-valuable materials/waste, thereby unlock-
ing their value in the future. This would lead to a reduction 
in raw material extraction. TMHs may also help balancing 
the ratio of materials to be recycled and the available recy-
cling capacities by retaining a certain amount of material. 
Extended Producer Responsibility (EPR) schemes for cer-
tain waste streams might support TMHs by ensuring the 
financing of the storage for postponed proper handling and 
recycling. Despite challenges in measuring their effective-
ness, EPR systems generally yield positive outcomes (The 
Environmental Research & Education Foundation, 2025). 

The biggest threats stem from uncertainties faced by 
the concept, such as uncertain material flows in the future, 
as well as market situation and future changes in regula-
tions. Another threat lies in the estimation of storage du-
ration, meaning if and when materials/waste will become 
recyclable, and if/when markets will emerge. These issues 
will need a  thorough assessment. Moreover, similar to 
all waste management facilities, underperforming TMHs 
might pose a threat to the environment.

Future research must focus on the duration of stor-
age, technical and siting properties, and the estimation 
of  costs/revenues, market development and risk-assess-
ment. An adaptation of the regulatory framework would be 
also needed to allow the implementation of such concept.

5.2.1	Duration of storage
The proposed conceptual framework supports the 

long-term sustainability goals, producing results that ex-
tend beyond short-term objectives, such as those tied to 
5-year policy cycles (EEA, 2024). The duration of storage 
must be tailored to specific materials/waste and respec-
tive recycling technologies and infrastructure. For example, 
a study by the EC expects that the performance of solvoly-
sis and pyrolysis for recycling wind-turbine blade waste will 
improve in the near future (EC, 2023c). Garcia-Gutierrez et 

Concept Description Reference

Hibernation/dead storage  
of products

Retention of small end-of-life electronics (e.g., mobile phones) by 
their users to have the security of a substitution device in case the 
primary one breaks down or else 

Inghels and Bahlmann (2021); Wilson et al. 
(2017)

Landfill mining Extraction of minerals or other solid resources from previously 
(often uncontrolled) disposed waste

Krook et al. (2012)

Monofills 

Separate disposal of single waste fractions on landfills (compart-
ments); e.g., monofills of e-waste for future mining due to current 
limitations in availability of treatment/recycling technologies; 
incineration ash monofills

Kahhat & Kavazanjian (2010); Liu et al. (2022)

Temporary storage Storage of mineral-rich waste materials for future re-mining of 
valuable materials

Sapsford et al. (2023)

Temporary storage device Storage of hazardous waste on drilling sites Liu et al. (2023)

Temporary storage of demolition 
waste from military actions

Storage of waste to protect the environment and assure the best 
possible treatment after the termination of martial law 

Cabinet of Ministers of Ukraine (2022)

Temporary storage sites Storage of waste during disasters before it can be adequately 
treated

Lontoc et al. (2023)

Urban mining “Systematic reuse of materials from urban areas” Brunner (2011)

TABLE 3: Previous concepts on remining and temporary storage; alphabetical order.
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al. (2023) and Werner et al. (2022) estimate that most poly-
mer chemical-recycling technologies will reach positive net 
earnings before 2040 (methanolysis in 2025, pyrolysis in 
2033). The projections are based on expected cost reduc-
tion in recycling technologies (37.5% in the case of chemi-
cal recycling technologies, mechanical recycling costs are 
expected to remain the same) and increased costs of virgin 
material (increase by 71%). However, the authors acknowl-
edge significant uncertainties in the estimates (Garcia-Gut-
ierrez et al., 2023; Werner et al., 2022) and according to 
Islam et al. (2025), methanolysis is still in need of further 
research and optimisation. Based on the predictions, the 
storage time of certain plastic waste streams in TMHs may 
last up to ~ 15 years from 2025. Furthermore, conditions 
of potential premature remining (before the expiration of 
designated storage time) in case of favourable conditions 
must be determined. 

The storage duration estimations might be based on 
the technology readiness level (TRL) of respective tech-
nologies. Rybicka et al. (2016) researched the TRL of 
composite management technologies, concluding that in 
2016, incineration and landfilling were the most advanced, 
achieving the highest (maximal) TRL 9, pyrolysis (carbon 
fibres) and mechanical grinding of fibres (glass fibres) 
achieved TRL 8, while pyrolysis of glass fibres and mechan-
ical grinding of carbon fibres were at TRL 6-7. Most com-
posite recycling technologies, however, remained in the 
early stages, with TRLs of 3-4 (Rybicka et al., 2016). Within 
past years, none of the composite recycling technologies 
achieved a TRL allowing industrial-scale application (Wind-
Europe, 2020), and there is still a lack of effective solution 
(Tortorici et al., 2025). 

Generally, storage should last as long as necessary to 
achieve feasible recycling conditions but as short as possi-

ble to minimize the storage costs (Obernberger & Supancic, 
2024). However, we propose that “temporary” in this con-
cept may cover a time frame of about 5 to max. 20 years.

The duration of storage introduces a potential risk of 
unwanted alteration and degradation of the stored materi-
al/waste, which could jeopardize subsequent material re-
covery. To mitigate the risk, the facilities must be designed 
to withstand adverse impacting conditions, e.g., weather 
conditions, and prevent damage over time. One example of 
such degradation is corrosion. Even for very rigid and high-
ly durable materials such as wind blades, this risk must be 
considered, especially if the blades are already degraded at 
the end of their life cycle (Muntenita et al., 2024). 

The general framework for the decision-making un-
der which conditions waste should be “remined” from the 
TMHs and reintroduced into material cycles is provided by 
the three pillars addressing “recyclability” (see Figure 2). 
However, we emphasize that each case (waste type) needs 
to be assessed individually, taking into account its specif-
ic conditions and pre-selected indicators, as mentioned in 
chapter 3.

5.2.2	Technical design and infrastructure
It is pivotal to know the composition of stored waste to 

ensure safety of storage and the effective option of future 
remining. This might require chemical analyses, assess-
ment of potential contamination and thorough mapping 
and documentation, e.g., similar to the procedure for haz-
ardous waste disposal in German underground landfills 
in Ordinance on Landfills and Long-Term Storage (Bunde-
sministerium der Justiz, 2009). Based on the composition, 
static or dynamic TMHs are employed. 

Static TMHs should be controlled and engineered to en-
sure that stored waste does not undergo any unwanted al-

FIGURE 4: SWOT analysis of the potential performance of TMHs.
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teration or degradation during storage time. Certain aban-
doned facilities could be employed (such as old industrial 
or military buildings), inspiration could be found in under-
ground disposal of hazardous waste as mentioned above. 

For the preparation of Refused Derived Fuels (RDF) in-
tended for energy recovery in diverse industries, storage 
facilities are already often needed and applied. Storage 
options for TMHs can be based on this, but require further 
(sometimes more complex) conditions, especially as they 
are intended to be stored for much longer periods of time. 
Thus, THMs would be more stringent than facilities for 
RDF storage. This is due to the clear intention of subse-
quent material recovery, which demands different, mainly 
higher quality standards compared to energy recovery. For 
instance, while Romaszewski and Fitas (2024) noted that 
open-air storage has no adverse effects on the thermal re-
covery of RDF, the same approach might not be suitable 
for TMHs, where material integrity is critical for future re-
cycling processes.

Dynamic TMHs need to be engineered and monitored 
to allow stored waste to undergo certain desired process-
es. Those are, for example, the weathering processes of 
incineration residues for which controlled landfill sites with 
fading landfill-gas generation (with remaining high CO2 
concentrations; compare BABIU Process (Mostbauer et al., 
2008) and state-of-the-art barriers could be used. 

In certain cases, an Environmental Impact Assessment 
may be required to avoid potential adverse impacts on the 
environment. 

It is important to note that TMHs may require a sub-
stantial area, which could lead to challenges such as 
land-use conflicts and competing interests (Montag et al., 
2015). In theory, facilities such as mined (empty) landfills 
could be employed if environmental protection and prop-
erties allowing secure storage of materials/waste are as-
sured. Consideration should be given to the option of “re-
using” such facilities and adapting them to various types 
of materials/waste in parallel or subsequently rather than 
aiming for one-time employment. Additionally, case-spe-
cific pre-treatment would affect the design of the storage 
and the infrastructure setting. The quality and amount of 
the regarded waste stream and the status of the existing 
infrastructure will determine whether local or centralized 
TMHs should be created and if additional infrastructure 
needs to be established. The most significant transporta-
tion load is expected at the beginning of storage process 
and when remined. The extent of pre-treatment and trans-
portation involved will also affect the overall costs of the 
concept.

5.2.3	Economic and legal factors
The costs of storage for postponed recycling might 

be higher than those of conventional waste management 
options. Competing with the TMHs are waste-to-energy 
facilities for thermal recovery of  materials/waste, and 
landfills presenting a cheap yet environmentally/circular-
ly unfavourable waste management alternative. Potential 
(mid- to long-term) environmental benefits of (postponed) 
recycling compared to  energy recovery, landfilling and 
also primary raw material extraction must be considered. 

When considering the negative environmental externalities, 
the concept of TMHs may compete with the conventional 
waste management options in monetary terms. Further-
more, unlocking the value of currently non-valuable ma-
terials/waste may create revenues in the future that need 
to be estimated. Such estimations are currently a source 
of uncertainties and pose a potential weakness of TMHs. 
However, further research and modelling of cost scenarios 
shall reduce these economic risks. 

A key priority for future research is conducting a com-
prehensive cost-benefit analysis, particularly to compare 
TMHs with thermal treatment and landfilling. This will re-
quire detailed modelling to account for variables such as 
market development and resource scarcity. Furthermore, 
an LCA analysis is recommended to evaluate and compare 
the environmental impacts of these addressed waste man-
agement strategies, providing a more holistic understand-
ing of their long-term viability. 

Platforms like digital marketplaces could facilitate the 
recycling of stored materials by enhancing their visibility 
and enabling trading. However, these platforms can only 
function if a market already exists, which is one of the chal-
lenges waste recycling might face, as explained in Figure 2. 
For this reason, TMHs should be implemented prior to the 
establishment of digital markets. Some platforms already 
enable the resale of dismantled wind blades for reuse, 
such as “Business in Wind” (2025). 

To implement the TMHs concept, both national and Eu-
ropean legislation would need to be adapted. One of the 
most critical changes would involve extending the duration 
of waste storage beyond the currently permitted periods 
outside a landfill regime (EP and the Council, 2024a). More-
over, implementing taxes or levies on primary raw materials 
could help improve the competitiveness of recycled materi-
als (EEA, 2023), which would support the concept of TMHs.

6.	 CONCLUSIONS AND OUTLOOK
Optimizing resource use is a crucial step towards en-

hancing the circular economy. Unlike traditional waste 
management strategies, this study introduces a for-
ward-looking approach for storing prospectively valuable 
waste streams for future recycling, rather than relying on 
immediate disposal or energy recovery. While it builds on 
existing concepts, it introduces several theoretical ad-
vancements: it (1) formalizes the concept of TMHs as a 
distinct strategy for bridging the temporal gap between 
current technological and economic capabilities and future 
advancements, (2) proposes the recycling pillars as a nov-
el decision-making framework for evaluating recyclability, 
and (3) integrates the concept of final sinks to maintain 
clean material cycles. The comprehensive and integrative 
considerations of these diverse aspects in one central con-
cept represent a meaningful progress, which has not been 
systematically addressed in previous literature.

This study provides a theoretical foundation for fur-
ther use-case-specific research and practical implementa-
tion of the TMHs concept. Further details and application 
specifications, which may have a  strong impact on the 
realisation of such a concept, have still to be researched 
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and defined. However, the authors are of the opinion that 
it is important to disseminate the concept now in order to 
initiate a  discussion within the scientific community and 
among diverse stakeholders in the waste and resource 
management sectors. Storing materials/waste for post-
poned recycling appears justifiable based on the current 
and prospective advancements in recycling technologies 
and secondary markets. A SWOT analysis, as outlined in 
this study, can be used to assess the principal feasibility 
of the TMHs concept for specific applications and cases 
– considering factors such as waste type, existing infra-
structure, location, storage duration, and financial viability. 
Additionally, this analysis helps to identify uncertainties 
that may challenge implementation while also highlighting 
potential opportunities and benefits. 

To build on this groundwork, future research should 
include case-based modelling and real-world pilot studies 
to quantitatively assess the concept’s feasibility and con-
sider cost- and risk-assessment approaches, and potential 
pre-treatment requirements for the stored waste. Further-
more, engaging with stakeholders – such as manufactur-
ers, waste sector operators and policy makers – through 
interviews, would expand the study’s perspective beyond 
academia, incorporating practical and industry-relevant in-
sights. For successful implementation, both European and 
national legal frameworks must be adapted, particularly 
concerning the definition of  recyclability, the extension 
of the permitted storage time, as well as the creation of 
conditions that foster secondary raw material markets. In 
addition to these technical, economic and legal consider-
ations, future research should address the social dimen-
sions to better understand societal implications and ac-
ceptance.

This study serves as  a  blueprint for innovative ap-
proaches to enhance the circular economy and aims to 
initiate a debate on the need for both, temporary material/
waste storage and safe final sinks.
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