
Vol.:(0123456789)

Journal of Industrial Ecology 
https://doi.org/10.1007/s44498-026-00055-7

RESEARCH

Material circularity strategies in the stock‑flow‑service nexus 
of buildings, transport, electricity, machinery, furniture, 
and appliances

Martijn van Engelenburg1 · Peter Berrill1 · Paul Behrens1,7 · Sebastiaan Deetman1 · Tomer Fishman1 · 
Stefan Pauliuk2 · Christian Hauenstein2 · Edgar Hertwich3,9 · Meng Jiang3 · Oreane Edelenbosch4,8 · 
Marianne Zanon Zotin4,8 · Luja von Köckritz4,8 · Patrícia Fortes5 · Ahmed Younis5 · Tobias Viere6 · 
Alejandro Arias Castillo6 · Marina Haug6 · Ester van der Voet1

Received: 12 September 2025 / Accepted: 24 February 2026 
© The Author(s) 2026

Abstract
Increasing global population and rising levels of wealth are raising demands for services such as shelter and mobility, leading 
to greater resource use and environmental impacts. Circular strategies can reduce the resources required for these services. 
However, the potential of circular strategies to reduce material demand is rarely quantified. Here, we present a method to link 
service, product, and resource use with circular material reduction strategies. We estimate the potential material reductions 
for shelter, mobility (including transportation infrastructure), spatial and thermal comfort, and supporting assets such as 
machinery, and energy infrastructure. We provide a review of the current state of the art on circularity strategies and stock-
flow-service (SFS) data availability for the sectors of shelter, mobility (including transportation infrastructure), comfort, and 
supporting assets such as machinery, and energy infrastructure. We then make a first-order assessment of their theoretical 
potential for primary material demand reductions by linking them in a counterfactual approach. These show that the current 
global service provision and supporting assets rely on an in-use material stock of 81 tons per person, with 1.2 ton of materials 
needed per capita and year to maintain this stock. Current circular strategies could reduce primary material flows by 68% 
in the absence of rebound effects, economic, policy, or behavioral implications. 15% reduction would be achieved through 
modal shifts and sharing of products, 31% by slowing the resource flows via longer product lifetimes, and 22% by reusing 
and recycling materials. This analysis and extensive data repository serve as a starting point for more detailed multi-sector 
future projections.
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1  Introduction

Population growth and rising global levels of wealth drive 
demand for services like shelter and mobility, increasing 
the need for energy and manufactured goods. In most 
countries, welfare has increased in recent decades (Rosling 
et al., 2018), resulting in lower mortality and improved 
education, employment, and quality of life. This increased 
welfare goes hand in hand with a higher provision of ser-
vices and an associated increase in the use of resources 
(Wiedenhofer et  al., 2024b). The increase in resource 
use, in turn, has led to increased environmental impacts 
(Haberl et al., 2020; Wiedenhofer et al., 2020; Interna-
tional Resource Panel and United Nations Environment 
Programme, 2011). These improvements and impacts, and 
many more, are tracked within the Sustainable Develop-
ment Goals (SDGs) framework, which has many indicators 
to monitor improvements in economic and societal sustain-
ability. This coupling of demand and impact is problem-
atic: the SDGs not only aim for an increase in welfare but 
also for a decrease in environmental impacts, especially 
related to climate change.

Strategies to reduce GHG emissions are already being 
implemented in some regions, such as Europe, with tar-
geted policy like the Fit for 55 policy packages (Schlacke 
et  al., 2022) aiming to further reduce GHG emissions 
(Intergovernmental Panel On Climate Change (IPCC), 
2023) along with the GHG emissions reduction goals of 
other regions.

One way to achieve decoupling between economic 
development and environmental impacts is to decou-
ple economic development from resource extraction 
(Haberl et al., 2020; Wiedenhofer et al., 2020; Interna-
tional Resource Panel and United Nations Environment 
Programme, 2011). To achieve this, implementation of 
resource efficiency and circular economy strategies is often 
suggested (Giljum et al., 2005; Kjaer et al., 2019; Scheel 
et al., 2020). In its review of the EU’s climate policy, its 
climate advisory board ascertained slow progress towards 
reducing materials use in the EU. It recommended new and 
strengthened policies to improve progress to stated circu-
larity and climate targets. (Lima et al., 2023) Ineffective 
policies are in part due to a limited understanding of the 
relationship between service demand and resource use and 
a narrow focus on waste management over product system 
design and lifetime extension (European Scientific Advi-
sory Board on Climate Change, 2024, Chapter 5, page 82).

The stock-flow-service nexus (Deetman et al., 2020; 
Haberl et al., 2017; Pauliuk et al., 2021) provides a con-
ceptual approach to translate societal services into mate-
rial stocks, and from there into material flows and associ-
ated environmental impacts. Several studies have used the 

stock-flow-service (SFS) nexus to determine the levels of 
material (Streeck et al., 2025a) and energy use for sectors 
such as buildings (Deetman et al., 2020; Hertwich et al., 
2019; Krausmann et al., 2017; Marinova et al., 2020), 
vehicles (Pauliuk et al., 2021), and electricity infrastruc-
ture (Kalt et al., 2021a; Deetman et al., 2018), showing 
the value and versatility of this concept. The SFS Nexus 
approach is used to explore future developments in mate-
rial use, mostly in case studies of individual sectors. Sev-
eral studies have focused on multi-sector modeling such 
as residential buildings and passenger vehicles (Pauliuk 
et al., 2021; Pérez-Sánchez et al., 2024). There has been 
less modelling of sectors including non-residential build-
ings, furniture, transportation and electricity infrastruc-
ture, and machinery. No study yet combines the SFS of 
multiple sectors to approach complete economy-wide 
coverage, in part because a multi-sector data review and 
harmonization has not been achieved yet.

Circularity strategies aim at reducing resource extrac-
tion by keeping resources, once extracted, in use for as 
long as possible. This is achieved by reusing or recycling 
of resources, reducing the demand for services, or reducing 
product stocks by increasing the service provision per prod-
uct. In principle, this can reduce primary resource extrac-
tion, while maintaining the level of service provisioning. 
Various strategies and proposed frameworks for measuring 
and implementing circularity exist (Cantzler et al., 2020; 
Corona et al., 2019; Kirchherr et al., 2017). Although many 
studies partially investigate these strategies (Haberl et al., 
2020; Wiedenhofer et al., 2020; International Resource 
Panel and United Nations Environment Programme, 2011; 
Kjaer et al., 2019; Scheel et al., 2020; Wiedenhofer et al., 
2025), quantifications of the reduction potential are limited 
(Pauliuk et al., 2021; Zhong et al., 2021).

The Global Resource Outlook (GRO) published by the 
International Resource Panel (IRP) (United Nations Envi-
ronment Programme, 2024) clearly demonstrates the need 
for more research into circularity potentials. The GRO shows 
increasing environmental impacts of growing resource use 
but also the potential for resource savings from using prod-
ucts and providing services more efficiently. The GRO also 
indicates, by a simplified application of SFS nexus model-
ling, that applying circularity strategies to buildings, vehi-
cles, and energy systems can already lead to a significant 
reduction in materials demand without loss of service provi-
sion (United Nations Environment Programme, 2024).

Integration of circularity strategies into SFS model-
ling rarely happens (Haas et  al., 2025; Li et  al., 2025; 
Vélez-Henao & Pauliuk, 2025; Wiedenhofer et al., 2025; 
Wiprächtiger et al., 2023), and from the work where it does 
happen it usually is a case study of a single country or region 
and a limited number of product groups. There is a lack of 
global, standardized, parameterized models for assessing 
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resource reduction potentials of circularity strategies, indi-
vidually but also collectively.

Quantifying circularity strategies and linking the strat-
egies with the SFS nexus approach is therefore a gap we 
aim to address with this study. We combine the SFS-nexus 
with circularity strategies, estimating the potential for global 
resource demand reduction across multiple services and sec-
tors. We include the services of shelter, mobility, spatial 
and thermal comfort, and supporting infrastructure such as 
electricity generation and machinery, representing a high 
level of sectoral coverage responsible for most economy-
wide demand for minerals. Our leading research question 
is: How effective can specific circularity strategies be, 
while maintaining constant service provisioning levels, in 
reducing global primary materials demand? To answer this 
research question, this study consists of two parts:

Reviewing literature and data using the R10 circularity 
framework for the sectors and services with large mate-
rial demands.
Explore the maximum of each circularity strategy per 
sector in a simplified approach to estimate a first-order 
primary material reduction potential.

For each product group, we use the currently available 
data for services and products, and the knowledge on their 
circularity potential. Our multi-sector analysis treats product 
groups in parallel to highlight differences in material stocks 
and flows. To systematically address the circular potentials, 
we use the R10 framework (Potting et al., 2017), one of the 
more commonly used circularity frameworks, which iden-
tifies ten different circularity strategies: Refuse, Rethink, 
Reduce, Reuse, Repair, Refurbish, Remanufacture, Repur-
pose, Recycle, Recover, and waste/discard. These ten strate-
gies can be aggregated to a typology of narrowing, slowing, 
and closing the loop (Bocken et al., 2016). We classify the 
circular R10 strategies of each sector based on how they 
address resource flows, and how these strategies will affect 
the resources within the economy.

2 � Methods and data

2.1 � Identification of the services and their 
translation into in‑use products and materials 
stocks and flows

The SFS-nexus quantifies the link between service demand, 
resource stocks (products and infrastructure), and resource 
flows. Resources are processed into materials and manufac-
tured into products that provide services. The in-use prod-
ucts form the stocks that the provision of services relies on. 
These stocks have outflows: products entering the waste 

stage, and inflows: new products. The framework allows 
for sufficient complexity to analyze circularity strategies: it 
includes end-use services as well as production, and allows 
for modelling of recycling, lengthening of lifespan, and 
changing the composition of products.

Drawing on Whiting et al. (2018) we categorize end-use 
services and associated product groups to cover a significant 
share of global material requirements (Table 1). We exclude 
consumables (food, fuel), focusing strictly on long-lived 
stocks and their constituent material flows.

With these services, product groups, and product types 
as a basis we aim to identify the relevant literature and data-
bases following a data categorization described in Supple-
mentary Information SI2.

Using the SFS framework we quantify services, stocks, 
and flows, which can be combined to produce intensity vari-
ables: the services (for example, person km for transport) are 
translated into product stocks (for example, number of cars) 
by an intensity of use (in this case, using an average km/
car per year and an average number of people in a car). The 
product stocks in turn are translated into material stocks by a 
material intensity (global average), representing the amount 
of materials per car at the level of individual materials (as 
an example having a total weigh of 500 kg and composed of 
350 kg of steel, 50 kg of HDPE, 50 kg of glass, and 50 kg of 
rubber). With Eq. 1 we can thus calculate the product stocks 
(PS) by dividing the service demand (SD) by the intensity 
of use (IU). In Eq. 2 the product stock is multiplied by the 
material intensity (kg of materials per unit of product) to 
calculate the material stocks (MS). This is done for all prod-
uct groups. We create a correspondence table to harmonize 
different product categorizations from different data sources, 
the intensities of use, and material intensities listed in Sup-
plementary Information SI1.

The product stocks are related to flows. There are inflows 
into the stock of new products, and outflows of discarded 
products. These inflows and outflows are driven by two main 
mechanisms: (1) stock maintenance: each discarded prod-
uct must be replaced by a new one to compensate for its 
loss, and (2) stock growth or decline: the number of prod-
ucts in the stock changes over time in response to changing 
population and per-capita service demand (Wiedenhofer 
et al., 2015). Product flows can be translated into material 
flows by using material intensities, which can change due 
to new product design. For our first-order assessment, we 
estimate the product flows (Pfl) and material flows (Mfl) by 
dividing product and material stocks by the mean lifetime 
(global average) for each product group (Eqs. 3 and 4). The 

(1)PS =
SD

IU

(2)MS = PS ×MI
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resulting product and material flows represent long-run aver-
age levels of inflows and outflows, assuming a consistent 
mean lifetime. This means that growth of SD or PS are not 
represented in our assessment, making it a what-if scenario, 
counterfactual to the current state.

where SD is service demand, PS is product stocks, MI is 
material intensity, MS is material stocks, Pfl is product 
flows, and Mfl are the material flows.

Material inflows into products can be of different origin: 
they can be primary materials, taken from the environment, 
or secondary materials, recovered from discarded product 
flows. As not all products get fully replaced at end of life, 
we include an additional Equation to account for this. As an 
example, road repaving happens at end of service life, but 
not all sub-surface materials get removed (Ebrahimi et al., 
2022). For the stocks where this information is available, 
we use Eq. 5, where the known replaced share of materi-
als is multiplied with the material flow. Within this study it 
is only applied to transportation infrastructure, due to data 
availability.

(3)Pfl =
PS

meanlifetime

(4)Mfl =
MS

meanlifetime

2.2 � System definition and data

2.2.1 � System definition

Our SFS nexus system is analysed at global level, broken 
down into ten global regions (IAMC, 2025) (see Supple-
mentary Information SI2, Appendix III for further details). 
We track service demand development for the service cat-
egories and concurrent product groups of Table 1 from 1990 
to 2024. The reduction potential of circularity strategies is 
based on recent data (2020–2024).

2.2.2 � Data collection

We performed a semi-structured review (Supplementary 
Information SI2 pages 3–4), to collect variables for Eqs. 1–4:

•	 Service provisioning (SD) (Eq. 1)
•	 Intensity of use (Eq. 1)
•	 In-use stocks of products and infrastructures (PS) (Eq. 1, 

2)
•	 Material intensity of products and infrastructures (MI) 

(Eq. 2)

(5)Mfl = Mfl ×Materialreplacementrate%

Table 1   Overview of the services included in this study

Including sub-sectors per sector, physical units that are commonly used and the services these provide. The product types are a broad overview 
of what is represented in this study; however, the list is not exhaustive. Further details on all products are in Supplementary Information SI1

Service provisioning Covered product groups Common units of service Product types

Mobility Passenger transport Passenger-km Cars, buses, trains, bicycles, motorbikes, 
ships, airplanes

Freight transport Ton-km Ships, trucks, freight trains, vans, air-
planes

Shelter Residential m2 floor area, # of households Detached houses, semi-detached houses, 
high-rise building apartments, low-rise 
buildings apartments

Non-residential Service value added, m2 floor area Office buildings, shops, hotels, govern-
ment buildings, hospitals, schools

Comfort & communication Furniture Units/m2 floor area, # per household Tables, chairs, bed frames, closets, storage 
containers, office furniture, couches

Appliances # per household, ownership rate Domestic appliances (washers, dryers, 
tv sets etc.), office appliances (copi-
ers, printers etc.), electronic appliances 
(computers, mobile phones etc.)

Supporting services Transportation infrastructure km, km2 Road and rail infrastructure
Electricity provisioning GW (power capacity), TWh (energy 

storage capacity), km (distribution/
transmission)

Installations for electricity generation 
(thermal power plants, wind turbines, 
solar panels), electricity storage (batter-
ies), electricity distribution/transmission 
(HV, MV, LV cables, transformers)

Machinery Units Agricultural machinery, industrial 
machinery
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•	 Lifespans of products and infrastructures (Eq. 3, 4)

Service provisioning data mostly comes from national 
statistics. Data on the in-use stocks of infrastructures are 
available from national statistics which was complemented 
with geospatial based data on the built environment such 
as roads, and railways. For other variables, we performed 
an extensive literature search identifying in-use stock data-
bases, studies including lifetime data or material intensities, 
intensity of use data, and circular strategy quantifications. 
We report service provisioning, and product stocks on a 
regional level aggregated from mostly national data. For 
material intensities and lifetimes, we apply global averages 
per product group which can be found in Supplementary 
Information SI2.

All data is stored in the Zenodo data supplement, grouped 
by data type and end-use sector. The datasheets form the 
input for the analysis, and each datasheet provides data on 
the temporal scope, geographical scope, product definition 
and literature references for the individual data points. The 
intermediate results (consolidated parameters of the Equa-
tions above) are available in Supplementary Information 
SI2, giving a detailed overview of how we collected the 
data and which literature and data was collected during the 
reviewing process, for each product type on the correspond-
ence table. For Eq. 1, we use the datasheets 2_IUS_[Prod-
uct_group] to represent product stocks and 3_IUP_[Prod-
uct_group] to represent intensity of use. This is combined 
with the product-specific material intensity datasheets in 
3_MC_[Product_group] to determine the total material 
content for each product group in Eq. 2. To determine the 
mean lifetimes used for Eqs. 3 and 4, we gather the high-
resolution product lifetime data from the datasheets in the 
files 3_LT_[Product_group].

2.3 � Review and linking circularity strategies 
to the SFS nexus

A circular economy strategy ultimately aims at reducing 
the primary material flows. This can be done by increas-
ing the share of secondary flows, but also by strategies that 
keep the product in use for a longer time, which encourage 
smaller or lighter products, or even that reduce service pro-
visioning (see Sect. 2.3). We identify and evaluate sector-
specific circularity strategies using the R10 framework (Pot-
ting et al., 2017), combined with the framework by Bocken 
et al. (Bocken et al., 2016), who classify these ten strategies 
into narrowing-, slowing-, and closing. The three catego-
ries are used to summarize R-strategies by common features 
(reduced material demand, prolonging product lifetime, 
and recovering material after a products lifetime) which 
can share modelling assumptions, as manifesting per sector 
(Table 2). A detailed overview of the available strategies Ta
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is available in Supplementary Information SI2, page 43–49 
and appendix IV.

2.3.1 � Narrow the loop

We define the reduction of material stocks and flows in 
the narrowing strategies of Rethink (R1) and Reduce (R2). 
Refuse strategies are excluded for consistency with our 
objective of exploring a counterfactual to the present situ-
ation, meaning that we keep the service provisioning con-
stant. We do this because we explore the what-if scenario of 
circular strategies on the current level of service provision-
ing. If we were to include Refuse we would explore a sce-
nario where demand has already shifted, requiring a further 
exploration of the willingness to reduce demand for services. 
Rethink is defined as alternative ways of meeting service 
demand or increasing the intensity of use for current product 
stocks. The narrowing strategy of Reduce applies solely to 
the material intensity of products through lightweighting, 
which can be implemented by reducing the total weight of 
products through material substitution or structural optimi-
zation. Reduce can be applied to specific materials, but we 
calculate it based on the total material weight in Eq. 6 and 7, 
unless data is available on material substitution. As an exam-
ple, for transportation infrastructure the total material weight 
is 1000 kg, and we find lightweighting estimates of a 10% 
reduction. This would decrease the total weight to 900kg, 
with the 10% reductions applied to all materials. When we 
find material substitution data, for example for vehicles if 
we have a total weight of 500 kg and replace 350 kg of steel 
with 250 kg of aluminum, we would calculate it as a total 
weight reduction of 100 kg but the relative share of materials 
will also have changed.

where Mflnarrow is narrowed material inflows, R1 is the reduc-
tion achievable with Rethink options, R2 is the reduction 
achievable with Reduce options, and MInarrow is the light-
weighted material intensity.

2.3.2 � Slow the loop

R3–R7 commonly result in extension of the lifetimes of prod-
ucts, through reuse, second-hand ownership, and so on. In 
many cases, this lengthening of lifetime is made possible 
through repair, refurbishment, or renovation. These pro-
cesses also require materials. However, given the limited 
data availability on material intensity of slowing strategies, 
these material inputs are not accounted for. This implies that 

(6)Mflnarrow = Mfl × (1 − R
1
) × (1 − R

2
)

(7)R
2
= 1 −

MInarrow

MI

the effectiveness of slowing the loop strategies can be over-
estimated. This is calculated as shown in Eq. 8:

2.3.3 � Close the loop

To determine the potential effectiveness of closing the loop, 
we apply component reuse and recycling rates extracted 
from literature. Reuse in this case means reuse of product 
components, like car batteries or doors from demolished 
buildings in contrast to product reuse such as reusing fur-
niture which would fall within the slowing classification. 
Recycling refers to the recovery and subsequent reuse of 
materials. Recycling rates are material specific. Although 
reuse rates refer to components rather than materials, in 
the literature they are nearly always defined at the materi-
als level. Therefore, we express both reuse and recycling 
rates in terms of materials. To fully explore the potential of 
these strategies, we use the maximum reuse and recycling 
rates found in literature. Equation 9 shows what the closing 
potential is compared to a situation without any reuse or 
recycling. Where current reuse and recycling rates are above 
zero, Eq. 9 may therefore overestimate the potential of clos-
ing the loop compared to current practices.

While in the case of narrowing and slowing the loop, 
the reduced material flows refer to the total of primary and 
secondary materials, in the case of closing the loop the out-
come is the reduced inflow of primary materials. We do 
not account for secondary material, there is no correction 
with current reuse/recycling rates, no secondary materials 
between sectors, or material losses. We calculate using the 
optimistic technical potential found in literature. This poten-
tial in reuse and recycling rates means that those components 
and materials will be replacing primary materials fully.

2.3.4 � Combined strategies

We can calculate the potential for each strategy separately 
but also combine them to assess the maximum potential of 
a circular economy (Eq. 10). Equation 10 is used for the 
calculation of the maximum theoretical reduction. To avoid 
double counting, we first apply the narrowing strategies, 
then add the slowing strategies, and finally the closing strat-
egies on the resulting flows of the combined narrowing and 
slowing strategies. This follows the r-ladder by applying the 
strategies from highest (narrow/rethink), to lowest (close/
recycle), exploring the maximum potential in this counter-
factual analysis while avoiding double counting. Because 

(8)Mflslow = Mfl ×
meanlifetime

extendedlifetime

(9)
Mflclose = Mfl × (1 − componentreuserate) × (1 − EOLrecyclingrate)
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this analysis assesses the total theoretical counter-factual 
potential of the system, we apply these strategies uniformly, 
making no distinction between interventions targeting newly 
added inflows versus the existing in-use stock.

Finally, we take the Mflreduced to calculate the total circu-
lar reduction potential (Eq. 11).

We reviewed the literature and compiled data for the 
circularity strategy parameters of Eqs. 5–10 with the same 
approach as the SFS variables. In cases where multiple data-
points are available we average the data. The raw data is 
available on Zenodo as described in Sec. 2.2, and the cir-
cularity factors are available in Supplementary Information 
SI1, and are described in Supplementary Information SI2.

3 � Results

3.1 � Review of the knowledge on service 
provisioning, lifetimes of products, and in‑use 
stocks

The data coverage of services varies per sector. For shelter, 
data availability is extensive, with multiple models estimat-
ing service provisioning. However, the level of detail differs 
by region and product group. For buildings, transportation 
infrastructure, electricity infrastructure, and vehicles where 
data exist for different countries across the globe, but more 
granular data is typically available for Europe. For products 
like transportation infrastructure and machinery, a variety of 
unit metrics are used to quantify service provisioning (such 
as square kilometers, kilometers, lane length, amount of 
machinery, or total weight of machinery). On the contrary, 
for buildings, appliances, vehicles, and electricity infrastruc-
ture most studies have comparable units across studies. Fur-
niture is the only product group with limited data coverage, 
found only for the USA and Europe. The main sources of 
data on services per sector are:

•	 Buildings (Marinova et al., 2020; Berrill & Hertwich, 
2021; Berrill et al., 2021; Enerdata; Mantzos et al., 2018; 
Pezzutto et al., 2024; Sebi et al., 2013; Yepes-Estrada 
et al., 2023; Pezzutto et al., 2019; Song et al., 2021; van 
Oorschot and van der Voet,  2022; van Oorschot et al., 
2023; Zhong et al., 2021)

•	 Transportation infrastructure (Eurostat, 2024; FHWA, 
2022; IUC, 2023; Meijer et al., 2018; Nguyen et al., 

(10)Mflreduced = Mfl ×
Mflnarrow

Mfl
×

Mflslow

Mfl
×

Mflclose

Mfl

(11)Circularreductionpotential =
Mfl−Mflreduced

Mfl

2019; Rousseau et al., 2022; Van Engelenburg et al., 
2024; Wiedenhofer et al., 2024a; World Bank, 2024)

•	 Electricity infrastructure (Deetman et al. 2018; Song 
et al., 2021; Arderne et al., 2020; Van Oorschot et al., 
2022)

•	 Machinery and equipment (Song et al., 2021, 1978–2018; 
Jiang et al., 2023)

•	 Vehicles (ACEA, 2021; EAFO, 2024; Liu et al., 2020; 
Mantzos et al., 2018; Schuster et al., 2023; Song et al., 
2021; UIC, 2023)

•	 Furniture (Beijnum, 2021; Ikeda, 2023)
•	 Appliances (Song et al., 2021; Jiang et al., 2023; Boldoc-

zki et al., 2021; Cabeza et al., 2018; Deetman et al. 2018)

The product stocks currently in use vary widely across 
the world (Fig. 1). Developed regions such as Europe, North 
America, Asia–Pacific, and Eastern Asia show higher usage 
across almost all categories. Developing regions such as 
Africa and Southern Asia show the lowest levels of use with 
low building service provisioning, fewer appliances, lower 
electricity provisioning, and a lower number of vehicles (see 
SI, Section part A).

Average lifetimes vary for the seven product groups 
(Fig. 2). Buildings have the longest lifetimes, followed by 
transportation infrastructure. Transportation infrastructures 
show the largest spread of lifetimes, from roads having short 
lifetimes of 10–20 years to bridges and tunnels having longer 
lifetimes of 75–120 years (see Supplementary Information 
SI2 for details). Electricity infrastructure also includes long 
lifetime products such as hydroelectric dams, and cables. 
Machinery and equipment, appliances, and furniture all hav-
ing lifetimes that between 5 and 25 years, with appliances 
having the shortest lifetimes. Main data sources for lifetimes 
are:

•	 Buildings (Cao et  al., 2019; Deetman et  al., 2020; 
Marinova et al., 2020; Mequignon et al., 2013; Pauliuk 
et al., 2017; Reyna & Chester, 2015)

•	 Transportation infrastructure (Bai et al., 2017; Beng & 
Matsumoto, 2012; Ebrahimi et al., 2022; Huang et al., 
2015; Nabizadeh et al., 2018; Schiller, 2007; Svenson, 
2014; Wiedenhofer et al., 2024a; Yue et al., 2015)

•	 Electricity infrastructure (Kalt et al., 2021a; Deetman 
et al. 2018; Balzer & Schorn, 2015; Harrison et al., 2010; 
Jones & McManus, 2010; Jorge et al., 2012b; Turconi 
et al., 2014; Van Vuuren, 2007)

•	 Machinery and equipment (Centraal Bureau voor de 
statistiek, 2009; Erumban, 2008; Jiang et  al., 2023; 
Nationale Bank van Belgie, 2014; Nomura & Suga, 2018; 
Rincon-Aznar et al., 2017; Wang et al., 2023b)

•	 Vehicles (ACEA, 2021; Schuster et al., 2023; Deetman 
et al. 2018; Yue et al., 2015, 2015; Aamodt et al., 2021; 
Allekotte et al., 2020; Banar & Özdemir, 2015; Car-
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ranza et al. 2022; Chen et al., 2022; Chester & Horvath, 
2010; Cox & Mutel, 2018; Das et al., 2022; Del Pero 
et al., 2015; Delogu et al., 2017; Gassner et al., 2018; 
Hao et al., 2011; Horvath, 2006; International Energy 
Agency, 2018; Iyer & Badami, 2007; Iyer et al., 2023; 
Jakub et al., 2022; Kerdlap & Gheewala, 2016; Khalili 
et al., 2019; Li & Yu, 2017; Lie et al., 2021; Liu et al., 
2016, 2020; Mao et al., 2021; Merchan et al., 2020; Sen 
et al., 2020; Shahraeeni et al., 2015; Shinde et al., 2024; 
Sopha et al., 2016; Tang et al., 2019; Taptich et al., 2016; 
Tong et al., 2015; Virág et al., 2022; Walsh et al., 2008; 
Weinert et al., 2008; Zenith et al., 2020; Yeow et al., 
2022; Zhang et al., 2016; Zhou et al., 2016; Zhu & Lu, 
2023)

•	 Furniture (Beijnum, 2021; Box, 1983; Ikeda, 2023; 
Wiprächtiger et al., 2022)

•	 Appliances (Jiang et al., 2023; Deetman et al. 2018; Cen-
traal Bureau voor de statistiek, 2009; Erumban, 2008; 
Nationale Bank van Belgie, 2014; Rincon-Aznar et al., 
2017; Wang et al., 2023b; Liu et al., 2020; Amatuni et al., 
2023; Baldé et al., 2015; Forti et al., 2018; Jaco Huisman 
et al., 2017; Wang et al., 2013)

These differences in lifetimes have large implications for 
the relationship between the stocks (Fig. 3) and the annual 
turnover flows into and out of the stock (Fig. 4). The heaviest 
in-use stocks with longest lifetimes (buildings and transport 
infrastructure) have long turnover times. Vehicles, machin-
ery, appliances, and furniture have a faster stock renewal, 
implying that technological change may diffuse much faster. 
Circular strategies that extend product lifetimes, such as 
reuse and refurbishing of in-use products, therefore have a 

Fig. 1   Current (most recent data available between 2020 and 2024) 
per-capita product stocks by the ten global regions for Appliances, 
Buildings, Electricity infrastructure, and Vehicles. Appliances are 
measured in number of appliances per capita, Buildings in floorspace 

(m2) per capita, Electricity in Watt generation capacity per capita, and 
Vehicles in number of vehicles per capita. More details about cate-
gory definition are available in Table 1 and Supplementary Informa-
tion SI1
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dual effect: demand for new products is reduced, but also the 
time required for the diffusion of changed product character-
istics (such as higher efficiency, or higher mass per product) 
becomes longer.

3.2 � Quantification of materials stocks & flows

Figure 3 shows the variation in the combined mass of mate-
rials per capita over time for the in-use stocks of seven prod-
uct groups, calculated using the average of the reviewed and 
harmonized material intensities from:

•	 Buildings (United Nations Environment Programme, 
2024; Song et al., 2021; Liu et al., 2020; Breunig et al., 
2022; CEU. JRC., 2022; Chen & Shi, 2012; Haberl et al., 
2021; Han & Xiang, 2013; Heeren & Fishman, 2019; 
Huang et al., 2013; Lederer et al., 2021a, 2021b; Li 
et al., 2023; Liu et al., 2019; Miatto et al., 2023; Wang & 
Graedel, 2010; Wang et al., 2015; Xiao Yaxin and Yang 
Jianxin, 2016; You et al., 2011; Zhang et al., 2015)

•	 Transportation infrastructure (Alzard et al., 2019; Haberl 
et al., 2021; Han & Xiang, 2013; Hasan et al., 2020; 
Heeren & Fishman, 2019; Huang et al., 2013; Li et al., 
2023; Liu et al., 2019; Mao et al., 2020, 2021; Nguyen 
et al., 2019; Ren et al., 2022; Rousseau et al., 2022; Song 
et al., 2021; Wang & Graedel, 2010; Wiedenhofer et al., 
2024a; Yue et al., 2015)

•	 Electricity infrastructure (Bödeker et al., 2010; Arvesen 
et al., 2018; Elshkaki & Graedel, 2013; Capellán-Pérez 
et al., 2019; Kis et al., 2018; Tokimatsu et al., 2018; 
Luderer et al., 2019; Wang et al., 2023c; Rietveld et al., 
2019; Månberger & Stenqvist, 2018; United Nations 
Environment Programme, 2024; Pacca & Horvath, 2002; 
Jorge et al., 2012a; Bonou et al., 2016; Turconi et al., 
2014; Chipindula et al., 2018; Dones et al., 2007; Jones 
& McManus, 2010; Valero et al., 2018; Li et al., 2020; 
Kalt et al., 2021b; Ashby, 2013; Vidal et al., 2013; Beylot 
et al., 2019; Deetman et al., 2021; Ferroukhi et al., 2017; 
Siemens; Moss et al., 2013; Van Oorschot et al., 2022)

•	 Vehicles (Delta, 2014; Finkbeiner & Hoffmann, 2006; 
Danilecki et al., 2017; Cherry et al., 2009; Hawkins et al. 
2013; Schneider et al., 2023; Hawkins et al. 2013; Roy 
et al., 2019; Carranza et al., 2022; Liu et al., 2023; Zeng 
et al., 2020; Liu et al., 2020; Schuster et al., 2023; Sul-
livan et al., 2013; Danilecki et al., 2021; Habermacher 
& Althaus, 2011; Li et al., 2023; Deetman, 2021; Wang 
et al., 2023a; Wernet et al., 2016a, 2016b; Spielmann 
et al., 2007; Kelly & Winjobi, 2020; Sullivan et al., 2015; 
Iyer et al., 2023; Hans-Jörg Althaus & Gauch, 2010)

•	 Appliances (Boldoczki et al., 2021; Gensch &  Blepp, 
2015;  Balde et al., 2015; Deetman et al. 2018; J. Huis-
man et al., 2007; Liu et al., 2020; Seyring et al., 2015; 
Oguchi et  al., 2011; Otterbach & Fröhling, 2024; 
Peeters et al., 2015; R. Hischier et al., 2007; Song et al., 

Fig. 2   Boxplot of the various product groups from the mean lifetimes included in this study. On the y-axis the mean lifetime in years and on the 
x-axis the boxplot for each product group. The data can be found in Supplementary Information SI1
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2021; Sun et al., 2022; von Gries & Bringezu, 2022; 
Zeng et al., 2020)

•	 Machinery (Guillén-Lambea et  al., 2021; Hitachi, 
2023; Li et al., 2023; Liu et al., 2019; Mantoam et al., 

2020; Rassõlkin et al., 2020; United Nations Environ-
ment Programme, 2024; Volvo, 2025; Wernet et al., 
2016a; Zeng et al., 2020)

•	 Furniture (Beijnum, 2021; Ikeda, 2023)

Fig. 3   Total materials stocks for the covered product groups split 
over time into buildings, and transportation infrastructure, global per 
capita average. The other product groups consisting of Appliances, 

Electricity infrastructure, Furniture, Machinery and Vehicles are then 
shown separately below. The data can be found in Supplementary 
Information SI1
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Figure 3 shows that transport infrastructure and buildings 
account for 97.5% of total mass currently in the stocks of the 
covered products. Excluding buildings and transport infra-
structure, electricity infrastructure, vehicles, and machinery 
emerge as the most substantial remaining stocks, while fur-
niture and appliances represent significantly smaller shares 
(see Supplementary Information SI1 for further details). 
Some product groups, such as buildings and electricity, 
decrease for 2020. We notice that several datasets do not 
report beyond 2019 yet, the datasets that do report beyond 
2019 are apparently on the lower end.

We find a total of 81 t/capita of materials in stocks cur-
rently, compared to 145 t/cap in 2016 from Wiedenhofer 
et al. (Wiedenhofer et al., 2024b) and 115t/cap in 2010 

from Krausmann et al. (2017). These studies take a dif-
ferent approach based on inflow-driven top-down econ-
omy-wide material flow accounting, while our results are 
achieved through a bottom-up approach of major but not 
all end-use sectors, such as also used by (Streeck et al., 
2025a) who found around 88 t/cap globally and region-
ally ranging from 19 t/cap in Africa to 193 t/cap in West-
ern Europe. While our results have more detail than the 
inflow-driven estimates, it is likely that the total cover-
age is less. For example, our bottom-up material coverage 
may be incomplete (e.g., some aggregates may be omit-
ted), as well as product coverage (e.g., uses of concrete 
in industrial, infrastructural, and military applications are 

Fig. 4   Average material flows (constant service scenario) in a sta-
tionary nexus in kg per capita for the current situation on a log scale 
of each product group. Buildings and infrastructure are the products 
with the highest materials usage (reds and purples) with roads and 
residential buildings accounting for most of the materials in mass. In 

this counterfactual system we assume a steady-state nexus, meaning 
the flows both represent the inflows and the outflows. The per capita 
value is calculated by dividing the total flows/yr by the total global 
population, not the user population of each product. The data can be 
found in Supplementary Information SI1
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not covered). It shows that there is a gap in bottom-up 
approaches such as ours, and Streeck et al. (2025a).

Material flows (Fig. 4) are calculated as long-term aver-
ages in a steady-state system (Service demand constant). 
Buildings generate the largest flows. For roads, we adjusted 
literature-based lifetimes (typically 10 years) to account 
for the fact that only the top 20% of material (the wearing 
course) is typically replaced, while sub-surface aggregates 
remain in place (Ebrahimi et al., 2022).

3.3 � Circular measures and resource reduction 
potential

Table 3 shows the inventory of quantifiable circularity meas-
ures from literature and data. Each sector is represented by 
a single value, but when product-specific values are avail-
able we apply the product-specific value (see Supplementary 
Information SI2).

3.3.1 � Narrowing the loop

For rethink (R1), we find mostly modal shift strategies that 
imply a more intensive use of products and infrastructures. 
For buildings, we calculate a shift to more multi-family 
housing, and for vehicles, a modal shift to public trans-
port is included in addition to an increase in teleworking. 
It decreases the need for single-family housing and cars 
but increases the need for multi-family housing and public 
transport. This results in a 4% reduction for buildings and 
a 6% reduction for vehicles. We assume these changes in 
mobility also affect transportation infrastructure, therefore 
limit the changes of transportation infrastructure caused by 
vehicle demand to 25% of the actual vehicle demand change. 
In addition, we estimate a narrowing of the width of local 
roads based on van Engelenburg et al. (2024), and devel-
opments in road safety and urban planning. For electricity 
infrastructure, we include smart grid measures. Estimates 
for smart grid material reductions range between 3 and 59% 
through decreasing losses, peak demand shifting, and load 
shifting (Barbato et al., 2015; International Energy Agency, 
2023; Razo-Zapata et al., 2016; Santos et al., 2022). For 
these measures we apply a 20% reduction which is conserva-
tive, as many studies state only a single intervention and do 
not consider the cumulative effect of decreasing losses in the 
network, peak demand and load shifting. For appliances, we 
model Rethinking strategies that aim to increase the num-
ber of sharing appliances and introduce payment systems so 
washing- and drying appliances are used more efficiently. 
We apply a 12% reduction for appliances with the potential 
for shared appliances such as washing machines as found in 
literature, and dryers estimated at around 20% (Bressanelli 
et al., 2021; Wasserbaur et al., 2020), and other appliances 
limited to 10%.

For R2 we focus on lightweighting options, reduc-
ing material intensity. The literature shows reductions of 
10–35% across most sectors. For buildings, lightweighting 
usually looks to reduce steel and concrete content, resulting 
in an average 15% reduction. For vehicles, more aluminum 
and plastics are assumed to be used instead of steel, resulting 
in an 18% weight reduction. For furniture, lightweighting is 
possible, on the one hand by using different (lighter) materi-
als, and on the other hand by reducing the amount of materi-
als through a leaner product design. Similar options exist for 
some appliances, but data availability is more problematic 
for this product group, therefore we make a rough estimate 
of an overall reduction of 10%.

3.3.2 � Slowing the loop

Slowing the loop (strategies R3–R7) aims at lifetime exten-
sion of products. When no literature estimate is available, 
we use the technical lifespan reported for a product as the 
theoretical maximum for that product (See Supplementary 
Information SI1 for lifetime extension per product category). 
Lifetime extension often is associated with additional mate-
rial inputs for repair, refurbishment and renovation; however 
our literature review has not found sufficient data to include 
such inputs in our assessment, repair, and refurbishment on 
appliances (Fatimah & Biswas, 2016; Nasr, 2018), and reno-
vation on buildings (De Silva et al., 2023; Mohammadiziazi 
& Bilec, 2023) is available but the coverage is usually single 
products and thus the material costs of lifetime extension are 
excluded from this study.

3.3.3 � Closing the loop

Closing the loop strategies focus on component reuse and 
material recycling. Component reuse is implemented when 
available. End-of-life recycling is well documented. Most 
literature on material reuse and recycling is available for 
single material products such as steel beams or wooden rail 
sleepers. Using the most optimistic figures available (See 
Supplementary Information SI2, pages. 43–48), we find that 
the theoretical maximum recycling rate across most sectors 
is high, as a large share of the products contain metals that 
are recyclable. For buildings and transportation infrastruc-
ture, concrete limits the recycling potential by its lower recy-
clability even using the most optimistic estimates.

3.3.4 � Global average circular potential

Applying circularity strategies to current material and 
product flows establishes a first-order counterfactual for 
maximum reduction potential (Fig. 5). Under the simplified 
assumptions described previously, narrowing flows offer a 
potential reduction in total primary inflows of 15%, followed 
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by Slowing at 31%, and Closing measures contributing a 
further 22%. Combined, these strategies offer a 68% theo-
retical reduction.

4 � Discussion

4.1 � Data availability and uncertainty

Data coverage varies significantly by sector. While build-
ings, vehicles, and infrastructure have detailed global data-
sets, furniture requires more research, and appliances are at 
risk of data obsolescence due to rapid technological shifts 
(e.g., the transition from VCRs to smartphones). Machinery 
data remains limited to broad sector aggregates despite its 
large material stocks and flows.

These issues present challenges in matching data on ser-
vice provisioning, product stocks material stocks, lifetimes, 
material intensity, and intensity of use. We addressed gaps 
by using the correspondence table in Sect. 2.1, but ideally, 
more detailed service provisioning data for machinery is 

needed to link between service provisioning, products, and 
materials. Identifying these data gaps shows that despite the 
extensive data collection effort, more data on service provi-
sioning, material contents and lifetimes is needed. Especially 
with current data availability we see an overrepresentation 
of developed regions and good coverage within European 
datasets. Using this data beyond a first-order estimate might 
lead to a Eurocentric bias.

Another limitation we identified is the lack of data on 
material needs for circularity strategies such as repair, reno-
vation, and refurbishment. These strategies are essential for 
extending the lifetime of products. We currently only iden-
tified repair studies for washing machines. For renovation 
(van Oorschot & van der Voet, 2023; Mohammadiziazi & 
Bilec, 2023), the knowledge base is growing, which will 
allow the future analysis of material requirements of life-
time extension. Especially within developed regions reno-
vation and maintenance might become the main driver of 
material demand, as the need for new construction reduces 
(Wiedenhofer et al., 2024a). In addition, there’s currently a 
data gap on the quality of services and products. We classify 

Fig. 5   The current global average materials inflows per capita to 
maintain a constant service demand shown on the left are about 1230 
kg/yr/capita which can be reduced by the circularity strategies Nar-
rowing (red), Slowing (green), Closing (blue), resulting in poten-

tially reduced remaining counterfactual primary inflows (purple) in 
this counterfactual analysis. The data can be found in Supplementary 
Information SI1
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residential housing by commonly used categories, but not 
every m2 is the same. Informal settlements can meet m2 ser-
vice demand but have totally different quality and material 
intensities (Gapminder, 2025; Linares-Capurro et al., 2026).

4.2 � Discussion of the outcomes

When comparing our 81 t/cap of materials stocks and 1.2 
t/cap of material inflows with other estimates we find that 
our stocks our lower than the 145 t/cap (Wiedenhofer et al., 
2015) and 115 t/cap (Krausmann et al., 2017) although 
this is likely a result from the different approaches taken. 
Our average value of 1.2 t/cap/yr of inflows for maintain-
ing average per capita in-use stocks in a steady state is a 
plausible estimate and well in line with recent results from 
the literature on Decent Living Standards (DLS) (Streeck 
et al., 2025b), who find that total yearly DLS-related mate-
rial consumption ranges from 0.7 to 12.9 t/cap/yr. The main 
difference is that our study focusses on the stock-maintain-
ing material flows for major end uses at current per capita 
average, whereas the estimate from Streeck et al., 2025a, b) 
cover all material groups (biomass, fossil fuels, metals, and 
minerals), including food and the fossil fuel and biomass for 
industrial and operational energy.

Circularity strategies, have a large potential to reduce 
primary resource demand. Our counterfactual analysis 
shows where impact can be made, with narrowing, slowing 
and closing the loop strategies having significant reduction 
potentials. The results indicate that a reduction of almost 
70% of primary resource inflow could be possible under the 
assumptions given, while maintaining the current level of 
service provision.

Even though the individual options for narrowing the 
flows (R1 and R2) have lower reductions, together they 
still have a considerable reduction potential. Achieving the 
high recycling rates of the Close the Loop strategies likely 
require larger efforts compared to the low-hanging fruit of 
the Refuse, Rethink, and Reduce measures. The reduction 
potential of lifetime extension is significant but, as men-
tioned earlier, may be an overestimation.

When we look at the specific strategies mentioned in 
Table 2, we see that several of these could become effec-
tive already in the short term. For example, the coronavirus 
period provided evidence that teleworking on a large scale 
could impact the need for offices and commutes (Ceccato 
et al., 2022; Hensher et al., 2023; Lu et al., 2022), opening a 
discussion for rethinking the need for offices. Furthermore, 
there is technical potential for lightweighting products in 
almost all product groups. These examples indicate that 
narrow-the-loop strategies can be effective soon, and with-
out losing service provision. The slowing-the-loop strate-
gies we included combined could result in a 31% reduc-
tion in primary material flows. Lengthening lifespan can 

reduce inflows in the short term but will have a delaying 
effect on the circularity options targeting the end of life: 
close-the-loop strategies of component reuse and recycling 
of materials. Current recycling rates are not achieving what 
is already technically possible (Graedel et al., 2011), and 
the technical potential could be increased substantially by a 
different design of products and materials. The full potential 
of close-the-loop strategies can thus only be reached in the 
future, even if implementation starts now.

Finally, due to how this analysis is structured, the fea-
sibility of a total of 68% reduction is optimistic. It does 
not account for policy, economic, social, or technological 
barriers to implementation. Additionally, even if the reduc-
tion, or any reduction, is achieved we do not account for the 
rebound effect in this first-order assessment. The study of the 
rebound effect requires integration with models that have an 
economic perspective, we acknowledge that our reduction 
is optimistic. However, a reduction in the need for primary 
materials for these services could make the resources avail-
able for other services if the incentives to reduce them are 
not changed. Despite these uncertainties, our results do show 
that aiming for ambitious higher primary material reductions 
is possible. While critics (Greene et al., 2025; Ottelin et al., 
2020; Safarzynska et al., 2023; Yerushalmi & Saha, 2025) 
argue that rebound effects negate the environmental gains 
of a circular economy, this perspective ignores the global 
material gap. In the context of DLS, rebound can be seen 
as redistributed resource access. Rather than a limitation of 
circular potential, the rebound effect represents the acceler-
ated closing of the deprivation gap. Once global material 
sufficiency is reached, the rebound pressure naturally dis-
sipates, allowing circularity to transition from a tool of rapid 
development to a tool of long-term sustainability. Still, this 
requires further research, beyond the scope of the presented 
analysis, including economic, policy, and developmental 
indicators.

4.3 � Implications and future research

Action is needed on multiple institutional levels to achieve 
the potential shown in this paper. Rethinking strategies such 
as modal shifts in buildings, vehicles, and infrastructure 
require changes in urban planning, construction projects 
and how we currently construct settlements. For consumer 
goods, consumer choices on the purchase, use and discarding 
of products are key, although these choices are often influ-
enced by economic and cultural factors. For lifetime exten-
sion, proper maintenance is key, and refurbishment may be 
required, requiring action from users, and governance of 
the services. For closing the loop, collection and recycling 
capacity must increase. Prioritizing recycling over primary 
production because of environmental benefits, simplifying 
product design, and increasing awareness can contribute 
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to improving reuse and recycling rates. We quantified the 
potential, but the implementation needs a broader approach 
dealing with policy, economic incentives, manufacturing, 
and resource procurement. The circularity measures and data 
collected can assist with that research.

Circularity strategies differ per region in their applicabil-
ity. Some regions still require major increases in material 
stock to provide sufficient services for their entire popula-
tion. In contrast, regions such as North America, Europe, 
and parts of Asia and Oceania have already reached such a 
level of service provision that they can focus less on expan-
sion and more on the maintenance of the service and stock. 
This requires different implementation pathways of circular-
ity strategies for each region. Future research into the differ-
ent possibilities as well as challenges for circularity strate-
gies in different parts of the world is therefore important.

The SFS nexus approach has proven to be very useful 
to establish a link in terms of modelling between societal 
services and material flows and stocks. We have shown that 
this approach can be successfully combined with circular-
ity strategies. Our analysis is counterfactual, indicating a 
maximum theoretical potential of the strategies investigated. 
In the above we have already indicated the importance of 
product lifetimes and other dynamic variables. It is there-
fore important to include those dynamics when developing 
a dynamic model that is suitable for scenario analysis. With 
the data we collected for service provisioning, lifetimes, 
material intensity, and intensity of use, we think sufficient 
data is available for such a model. Combining dynamic 
Material Flow Analysis with Integrated Assessment Mod-
elling (IAM), such as used in the Global Resources Out-
look 2024 (United Nations Environment Programme, 2024), 
could be a direction for further development. This would 
enable a scenario analysis that includes socio-economic 
development, autonomous changes in demand and product 
development, and add a temporal dimension to the analysis.

5 � Conclusions

Following this counterfactual exploration, we can conclude 
that there is a large potential for circular strategies. With a 
theoretical reduction potential for primary material inputs 
of 68% for circularity strategies, we provide evidence that if 
circularity strategies are implemented, the need for primary 
resources could be substantially reduced without reducing 
service provisioning. At present we are extracting more 
resources than needed to supply fewer services than we 
could. Strategies such as increasing the share of apartments 
or public transport, extending the lifetimes of products, and 
recycling could be implemented in the short term. For some 
long-lived products like buildings, bridges, and tunnels, it 
will take time for the changes to become visible in reduced 

primary material inflows but for developing regions the 
implementation of these strategies can be faster and avoid 
the high consumption rates of the Global north.

Narrowing the loop strategies, although individually only 
having a limited effect, in combination can have a significant 
impact. Aiming for a small effect in the modal shift by mov-
ing to multi-family housing, increasing public transport, and 
planning new roads with reduced width, can already make 
significant impacts without requiring large changes in con-
sumption and use patterns. This could alleviate the pressure 
on the other strategies, most notably those related to closing 
the loop. Expansion of the recycling industry takes time and 
requires a lot of effort.

Although this counterfactual analysis presents an optimis-
tic picture of their reduction potential without accounting for 
potential rebound effects, policy, technological, or economic 
barriers, the circularity measures included in this study are 
already theoretically feasible and could lead to significant 
reductions in the need for primary resources without reduc-
ing our quality of life.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s44498-​026-​00055-7.

Acknowledgements  We want to thank David Zenhäusern, Ayla Alkan, 
Ilham Chekrad, Marcel Geller, Huimei Li, Lars Nungesser, Yiwen 
Liu, Baptise Giroux, Jan Klenner for their contributions to the work 
of CIRCOMOD enabling  this publication to achieve a richness in 
data that would not be possible without all the contributions to the 
shared database. In addition, we want to thank the contributions from, 
Altamash Bashir and Christian Klockner for their contributions to the 
CIRCOMOD project meetings and deliverables forming the basis for 
this publication.

Author contributions  ME:  Conceptualization, Methodology, Writ-
ing—Original Draft, Writing—Review & Editing, Data Curation, 
Visualization. PBer:  Investigation, Writing—Review & Editing, 
Supervision. PBeh: Writing—Review & Editing, Funding acquisition, 
Supervision. SD: Writing—Review & Editing, Investigation, Supervi-
sion, Funding acquisition. TF: Writing—Review & Editing, Super-
vision, Project administration. SP: Investigation, Writing—Review 
& Editing, Data Curation, Funding acquisition. CH: Investigation, 
Writing—Review & Editing. EH: Writing—Review & Editing, Fund-
ing acquisition. MJ: Investigation. OE: Writing—Review & Editing, 
Funding acquisition. MZZ: Investigation, Writing—Review & Editing. 
LK: Investigation, Writing—Review & Editing. PF: Writing—Review 
& Editing, Funding acquisition. AY: Writing—Review & Editing,  
Investigation. TV: Writing—Review & Editing, Funding acquisition. 
AAC: Investigation, Writing—Review & Editing. MH: Investigation,  
Writing—Review & Editing. EV:  Writing—Original Draft, Writing—
Review & Editing, Supervision, Funding acquisition.

Funding  This research paper was produced within the framework 
of the CIRCOMOD project, funded by the Horizon Program of the 
European Union under Grant Agreement No. 101056868. Opinions 
are those of the authors only and do not necessarily reflect those of 
the European Union.

Data availability  The data that support the findings of this study 
are openly available on Zenodo at https://​doi.​org/​10.​5281/​zenodo.​
15147​647 Database name: Material circularity strategies in the 

https://doi.org/10.1007/s44498-026-00055-7
https://doi.org/10.5281/zenodo.15147647
https://doi.org/10.5281/zenodo.15147647


Journal of Industrial Ecology	

stock-flow-service nexus of Buildings, Transport, Electricity, Machin-
ery, Furniture, and Appliances.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aamodt, A., Cory, K., & Coney, K. (2021.) Electrifying transit: A 
guidebook for implementing battery electric buses. April 16. 
https://​www.​osti.​gov/​servl​ets/​purl/​17790​56/ Accessed Febru-
ary 28, 2025.

ACEA. (2021). ACEA Report—Vehicles in use, Europe 2021. Brus-
sels. https://​www.​acea.​auto/​publi​cation/​report-​vehic​les-​in-​use-​
europe-​janua​ry-​2021/ Accessed 2 May 2024.

Akande, A., Cabral, P., & Casteleyn, S. (2020). Understanding the shar-
ing economy and its implication on sustainability in smart cities. 
Journal of Cleaner Production, 277, Article 124077.

Akerman, J. (2011). The role of high-speed rail in mitigating climate 
change—The Swedish case Europabanan from a life cycle per-
spective. Transportation Research Part D, 16(3), 208–217.

Alejandre, C., Akizu-Gardoki, O., & Lizundia, E. (2022). Optimum 
operational lifespan of household appliances considering manu-
facturing and use stage improvements via life cycle assessment. 
Sustainable Production and Consumption, 32, 52–65.

Allekotte, M., Bergk, F., Biemann, K., Deregowski, C., Knörr, W., 
Althaus, H.J., Sutter, D., & Bergmann, T. (2020). Ökologische 
Bewertung von Verkehrsarten (UBA-FB 000202). UMWELT-
BUNDESAMT: TEXTE(2020, 156).

Alzard, M. H., Maraqa, M. A., Chowdhury, R., Khan, Q., Albuquerque, 
F. D. B., Mauga, T. I., & Aljunadi, K. N. (2019). Estimation 
of greenhouse gas emissions produced by road projects in Abu 
Dhabi, United Arab Emirates. Sustainability, 11(8), Article 2367.

Amatuni, L., Yamamoto, T., Baldé, C. P., Clemm, C., & Mogollón, 
J. M. (2023). Quantifying total lifetimes of consumer products: 
Stochastic modelling accounting for second-hand use and estab-
lishing an open-collaborative database. Resources, Conservation 
and Recycling, 197, Article 107103.

Anandh, G., PrasannaVenkatesan, S., Goh, M., & Mathiyazhagan, 
K. (2021). Reuse assessment of WEEE: Systematic review of 
emerging themes and research directions. Journal of Environ-
mental Management, 287(June), Article 112335.

Ancillo, L., de Val Núñez, M. T., & Gavrila, S. G. (2021). Work-
place change within the COVID-19 context: A grounded theory 
approach. Economic Research-Ekonomska Istraživanja, 34(1), 
2297–2316.

Arderne, C., Zorn, C., Nicolas, C., & Koks, E. E. (2020). Predictive 
mapping of the global power system using open data. Scientific 
Data, 7(1), Article 19.

Arvesen, A., Luderer, G., Pehl, M., Bodirsky, B. L., & Hertwich, E. G. 
(2018). Deriving life cycle assessment coefficients for application 
in integrated assessment modelling. Environmental Modelling & 
Software, 99, 111–125.

Ashby, M. F. (2013). Materials for low-carbon power. In Materials and 
the Environment, 349–413. Elsevier. https://​linki​nghub.​elsev​ier.​
com/​retri​eve/​pii/​B9780​12385​97160​00129 Accessed 3 Apr 2025.

Bai, L., Liu, R., Wang, F., Sun, Q., & Wang, F. (2017). Estimating rail-
way rail service life: A rail-grid-based approach. Transportation 
Research Part a: Policy and Practice, 105, 54–65.

Balde, C. P., Kuehr, R., Blumenthal, K., Fondeur Gill, S., Kern, M., 
Micheli, P., Magpantay, E., & Huisman, J. (2015). E-waste 
statistics: Guidelines on classification, reporting and indica-
tors, 2015. United Nations University.

Baldé, C.P., Kuehr, R., Blumenthal, K., Fondeur Gill, S., Micheli, 
P., Magpantay, E., & Huisman, J. (2015). E-waste statis-
tics: Guidelines on classification, reporting and indicators 
2015. United Nations University UNU-IAS, Institute for the 
Advanced Study of Sustainability.

Balzer, G. & Schorn, C. (2015). Asset management for infrastructure 
systems: Energy and water. Springer. https://​books.​google.​nl/​
books?​id=​4WJ1C​QAAQB​AJ

Banar, M., & Özdemir, A. (2015). An evaluation of railway pas-
senger transport in Turkey using life cycle assessment and 
life cycle cost methods. Transportation Research Part D, 41, 
88–105.

Barbato, A., Capone, A., Chen, L., Martignon, F., & Paris, S. (2015). 
A distributed demand-side management framework for the smart 
grid. Computer Communications, 57, 13–24.

Beng, S. S., & Matsumoto, T. (2012). Survival analysis on bridges for 
modeling bridge replacement and evaluating bridge performance. 
Structure and Infrastructure Engineering, 8(3), 251–268.

Berrill, P., Gillingham, K. T., & Hertwich, E. G. (2021). Linking hous-
ing policy, housing typology, and residential energy demand in 
the United States. Environmental Science & Technology, 55(4), 
2224–2233.

Berrill, P., & Hertwich, E. G. (2021). Material flows and GHG emis-
sions from housing stock evolution in US counties, 2020–60. 
Buildings and Cities, 2(1), 599–617.

Beylot, A., Guyonnet, D., Muller, S., Vaxelaire, S., & Villeneuve, J. 
(2019). Mineral raw material requirements and associated cli-
mate-change impacts of the French energy transition by 2050. 
Journal of Cleaner Production, 208, 1198–1205.

Bierwirth, A. & Thomas, S. (2019). Estimating the sufficiency potential 
in buildings: The space between underdimensioned and over-
sized. In ECEEE summer study proceedings, pp 1143–53.

Bigliardi, B., Filippelli, S., & Quinto, I. (2022). Environmentally-con-
scious behaviours in the circular economy. An analysis of con-
sumers’ green purchase intentions for refurbished smartphones. 
Journal of Cleaner Production, 378, Article 134379.

Bocken, N. M. P., De Pauw, I., Bakker, C., & Van Der Grinten, B. 
(2016). Product design and business model strategies for a circu-
lar economy. Journal of Industrial and Production Engineering, 
33(5), 308–320.

Bödeker, J. M., Bauer, M., & Pehnt, M. (2010). Aluminium and renew-
able energy systems–Prospects for the sustainable generation of 
electricity and heat. Institut Für Energie Und Umweltforschung 
Heidelberg GmbH.

Boehm, M., Arnz, M., & Winter, J. (2021). The potential of high-speed 
rail freight in Europe: How is a modal shift from road to rail 
possible for low-density high value cargo? European Transport 
Research Review, 13(1), 4.

http://creativecommons.org/licenses/by/4.0/
https://www.osti.gov/servlets/purl/1779056/
https://www.acea.auto/publication/report-vehicles-in-use-europe-january-2021/
https://www.acea.auto/publication/report-vehicles-in-use-europe-january-2021/
https://linkinghub.elsevier.com/retrieve/pii/B9780123859716000129
https://linkinghub.elsevier.com/retrieve/pii/B9780123859716000129
https://books.google.nl/books?id=4WJ1CQAAQBAJ
https://books.google.nl/books?id=4WJ1CQAAQBAJ


	 Journal of Industrial Ecology

Boldoczki, S., Thorenz, A., & Tuma, A. (2021). Does increased circu-
larity lead to environmental sustainability?: The case of washing 
machine reuse in Germany. Journal of Industrial Ecology, 25(4), 
864–876.

Bonou, A., Laurent, A., & Olsen, S. I. (2016). Life cycle assessment 
of onshore and offshore wind energy-from theory to application. 
Applied Energy, 180, 327–337.

Box, J. M. F. (1983). Extending product lifetime: Prospects and oppor-
tunities. European Journal of Marketing, 17(4), 34–49.

Bressanelli, G., Pigosso, D. C. A., Saccani, N., & Perona, M. (2021). 
Enablers, levers and benefits of circular economy in the electri-
cal and electronic equipment supply chain: A literature review. 
Journal of Cleaner Production, 298, Article 126819.

Breunig, H., Smith, S., Rao, L., Robinson, A., Kinson, J., Thornton, 
R., Scown, C. D., & Rapp, V. (2022). Economic and greenhouse 
gas analysis of regional bioenergy-powered district energy sys-
tems in California. Resources, Conservation and Recycling, 180, 
Article 106187.

Brusselaers, J., Bracquene, E., Peeters, J., & Dams, Y. (2020). Eco-
nomic consequences of consumer repair strategies for electrical 
household devices. Journal of Enterprise Information Manage-
ment, 33(4), 747–767.

Businge, C. N., & Mazzoleni, M. (2023). Impact of circular economy 
on the decarbonization of the Italian residential sector. Journal 
of Cleaner Production, 408, Article 136949.

Cabeza, L. F., Ürge-Vorsatz, D., Ürge, D., Palacios, A., & Barrene-
che, C. (2018). Household appliances penetration and owner-
ship trends in residential buildings. Renewable and Sustainable 
Energy Reviews, 98, 1–8.

Cantzler, J., Creutzig, F., Ayargarnchanakul, E., Javaid, A., Wong, L., 
& Haas, W. (2020). Saving resources and the climate? A system-
atic review of the circular economy and its mitigation potential. 
Environmental Research Letters, 15(12), Article 123001.

Cao, Z., Liu, G., Duan, H., Xi, F., Liu, G., & Yang, W. (2019). Unravel-
ling the mystery of Chinese building lifetime: A calibration and 
verification based on dynamic material flow analysis. Applied 
Energy, 238, 442–452.

Capellán-Pérez, I., De Castro, C., & González, L. J. M. (2019). 
Dynamic energy return on energy investment (EROI) and mate-
rial requirements in scenarios of global transition to renewable 
energies. Energy Strategy Reviews, 26, Article 100399.

Carranza, G., Do Nascimiento, M., Fanals, J., Febrer, J., & Valderrama, 
C. (2022). Life cycle assessment and economic analysis of the 
electric motorcycle in the city of Barcelona and the impact on air 
pollution. Science of the Total Environment, 821, Article 153419.

Ceccato, R., Baldassa, A., Rossi, R., & Gastaldi, M. (2022). Potential 
long-term effects of Covid-19 on telecommuting and environ-
ment: An Italian case-study. Transportation Research Part d: 
Transport and Environment, 109, Article 103401.

Centraal Bureau voor de statistiek. (2009). Measuring capital in the 
Netherlands. Discussion paper. The Hague - Heerlen. https://​
www.​cbs.​nl/​nl-​nl/​onze-​diens​ten/​metho​den/​onder​zoeks​omsch​rijvi​
ngen/​aanvu​llende-​onder​zoeks​omsch​rijvi​ngen/​measu​ring-​capit​al-​
in-​the-​nethe​rlands Accessed 3 May 2024.

CEU. JRC. (2022). Background data collection and life cycle assess-
ment for construction and demolition waste (CDW) manage-
ment. LU: Publications Office. https://​doi.​org/​10.​2760/​772724 
Accessed 3 Apr 2025.

Chen, Q., Lai, X., Gu, H., Tang, X., Gao, F., Han, X., & Zheng, Y. 
(2022). Investigating carbon footprint and carbon reduction 
potential using a cradle-to-cradle LCA approach on lithium-
ion batteries for electric vehicles in China. Journal of Cleaner 
Production 369. https://​www.​scopus.​com/​inward/​record.​uri?​
eid=2-​s2.0-​85135​41146​8&​doi=​10.​1016%​2fj.​jclep​ro.​2022.​13334​
2&​partn​erID=​40&​md5=​2fc5c​8eed8​36040​8b9c3​4fa31​a9601​7c

Chen, W.-Q., & Shi, L. (2012). Analysis of aluminum stocks and flows 
in mainland China from 1950 to 2009: Exploring the dynam-
ics driving the rapid increase in China’s aluminum production. 
Resources, Conservation and Recycling, 65, 18–28.

Cherry, C. R., Weinert, J. X., & Xinmiao, Y. (2009). Comparative 
environmental impacts of electric bikes in China. Transportation 
Research Part D, 14(5), 281–290.

Chester, M., & Horvath, A. (2010). Life-cycle assessment of high-
speed rail: The case of California. Environmental Research Let-
ters, 5(1), Article 014003.

Chipindula, J., Botlaguduru, V. S. V., Du, H., Kommalapati, R. R., & 
Huque, Z. (2018). Life cycle environmental impact of onshore 
and offshore wind farms in Texas. Sustainability, 10(6), 2022.

Cooper, T., Kaner, J., Furmston, K., Cutts, A. (2021). Furniture life-
times in a circular economy: a state of the art review. Univer-
sity of Limerick. https://​hdl.​handle.​net/​10344/​10203 Accessed 
21 Mar 2025.

Corona, B., Shen, L., Reike, D., Rosales Carreón, J., & Worrell, E. 
(2019). Towards sustainable development through the circular 
economy—A review and critical assessment on current circu-
larity metrics. Resources, Conservation and Recycling, 151, 
Article 104498.

Cox, B. L., & Mutel, C. L. (2018). The environmental and cost per-
formance of current and future motorcycles. Applied Energy, 
212, 1013–1024.

Curran, A., & Williams, I. D. (2010). The role of furniture and appli-
ance re-use organisations in England and Wales. Resources, 
Conservation and Recycling, 54(10), 692–703.

Danilecki, K., Eliasz, J., Smurawski, P., Stanek, W., & Szlęk, A. 
(2021). Modeling inventory and environmental impacts of car 
maintenance and repair: A case study of Ford Focus passenger 
car. Journal of Cleaner Production, 315, Article 128085.

Danilecki, K., Mrozik, M., & Smurawski, P. (2017). Changes in 
the environmental profile of a popular passenger car over the 
last 30 years—Results of a simplified LCA study. Journal of 
Cleaner Production, 141, 208–218.

Das, D., Kalbar, P. P., & Velaga, N. R. (2022). Dynamic stock model 
based assessment of carpooling in passenger transportation 
carbon emissions: Will avoided trips and material credits help? 
Sustainable Production and Consumption, 33, 372–388.

De Silva, S., Samarakoon, S. M. S. M. K., & Haq, M. A. A. (2023). 
Use of circular economy practices during the renovation of 
old buildings in developing countries. Sustainable Futures, 6, 
Article 100135.

Deetman, S. (2021). Stock-driven scenarios on global material 
demand—the story of a lifetime. Leiden University. https://​
schol​arlyp​ublic​ations.​unive​rsite​itlei​den.​nl/​handle/​1887/​32456​
96

Deetman, S., de Boer, H. S., Van Engelenburg, M., van der Voet, E., 
& van Vuuren, D. P. (2021). Projected material requirements 
for the global electricity infrastructure—generation, transmis-
sion and storage. Resources, Conservation and Recycling, 164, 
Article 105200.

Deetman, S., Marinova, S., van der Voet, E., van Vuuren, D. P., Edelen-
bosch, O., & Heijungs, R. (2020). Modelling global material 
stocks and flows for residential and service sector buildings 
towards 2050. Journal of Cleaner Production, 245, Article 
118658.

Deetman, S., Pauliuk, S., van Vuuren, D. P., van der Voet, E., & Tukker, 
A. (2018). Scenarios for demand growth of metals in electricity 
generation technologies, cars, and electronic appliances. Envi-
ronmental Science & Technology, 52(8), 4950–4959.

Del Pero, F., Delogu, M., Pierini, M., & Bonaffini, D. (2015). Life cycle 
assessment of a heavy metro train. Journal of Cleaner Produc-
tion, 87, 787–799.

https://www.cbs.nl/nl-nl/onze-diensten/methoden/onderzoeksomschrijvingen/aanvullende-onderzoeksomschrijvingen/measuring-capital-in-the-netherlands
https://www.cbs.nl/nl-nl/onze-diensten/methoden/onderzoeksomschrijvingen/aanvullende-onderzoeksomschrijvingen/measuring-capital-in-the-netherlands
https://www.cbs.nl/nl-nl/onze-diensten/methoden/onderzoeksomschrijvingen/aanvullende-onderzoeksomschrijvingen/measuring-capital-in-the-netherlands
https://www.cbs.nl/nl-nl/onze-diensten/methoden/onderzoeksomschrijvingen/aanvullende-onderzoeksomschrijvingen/measuring-capital-in-the-netherlands
https://doi.org/10.2760/772724
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85135411468&doi=10.1016%2fj.jclepro.2022.133342&partnerID=40&md5=2fc5c8eed8360408b9c34fa31a96017c
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85135411468&doi=10.1016%2fj.jclepro.2022.133342&partnerID=40&md5=2fc5c8eed8360408b9c34fa31a96017c
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85135411468&doi=10.1016%2fj.jclepro.2022.133342&partnerID=40&md5=2fc5c8eed8360408b9c34fa31a96017c
https://hdl.handle.net/10344/10203
https://scholarlypublications.universiteitleiden.nl/handle/1887/3245696
https://scholarlypublications.universiteitleiden.nl/handle/1887/3245696
https://scholarlypublications.universiteitleiden.nl/handle/1887/3245696


Journal of Industrial Ecology	

Delogu, M., Del Pero, F., Berzi, L., Pierini, M., & Bonaffini, D. (2017). 
End-of-Life in the railway sector: Analysis of recyclability and 
recoverability for different vehicle case studies. Waste Manage-
ment, 60, 439–450.

Delta, B.C. (2014). Addition of materials data to the danish transporta-
tion LCA model.

Dones, R., Bauer, C., Bolliger, R., Burger, B., Faist Emmenegger, M., 
Frischknecht, R., Heck, T., Jungbluth, N., Röder, A., & Tuch-
schmid, M. (2007). Life cycle inventories of energy systems: 
Results for current systems in Switzerland and other UCTE 
countries. Ecoinvent report.

Dorias, T. & Chivers, B. (2022). Lifetime extension and optimal lifecy-
cle offshore wind turbines. DNV Energy Systems, March. https://​
topse​ctore​nergie.​nl/​nl/​kenni​sbank/​lifet​ime-​exten​sion-​and-​optim​
al-​lifec​ycle-​offsh​ore-​wind-​turbi​nes/ Accessed 8 Nov 2022.

EAFO. (2024). European alternative fuels observatory. Brussels. 
https://​alter​native-​fuels-​obser​vatory.​ec.​europa.​eu/​trans​port-​
mode/​road

Ebrahimi, B., Rosado, L., & Wallbaum, H. (2022). Machine learn-
ing-based stocks and flows modeling of road infrastructure. 
Journal of Industrial Ecology, 26(1), 44–57.

Edelenbosch, O., Berg, M., Hof, A., Boer, H.S., Daioglou, V., Dek-
ker, M., & Doelman, J. (2022). Mitigating greenhouse gas 
emissions in hard-to-abate sectors. In The Hague, the Neth-
erlands. https://​www.​pbl.​nl/​en/​publi​catio​ns/​mitig​ating-​green​
house-​gas-​emiss​ions-​in-​hard-​to-​abate-​secto​rs

Elshkaki, A., & Graedel, T. E. (2013). Dynamic analysis of the 
global metals flows and stocks in electricity generation tech-
nologies. Journal of Cleaner Production, 59, 260–273.

Enerdata. Energy efficiency database | data & indicators | ODYS-
SEE. https://​www.​indic​ators.​odyss​ee-​mure.​eu/​energy-​effic​
iency-​datab​ase.​html Accessed 27 Feb 2025.

Erumban, A. A. (2008). Lifetimes of machinery and equipment: 
Evidence from Dutch manufacturing. Review of Income and 
Wealth, 54(2), 237–268.

European Parliament. (2023). Directive (EU) 2023/1791 of the Euro-
pean Parliament and of the Council of 13 September 2023 
on energy efficiency and amending Regulation (EU) 2023/955 
(recast) (Text with EEA relevance). OJ L. Vol. 231. September 
13. http://​data.​europa.​eu/​eli/​dir/​2023/​1791/​oj/​eng Accessed 21 
Mar 2025.

European Scientific Advisory Board on Climate Change. (2024). 
Towards EU climate neutrality: Progress, policy gaps and 
opportunities : assessment report 2024. LU: Publications 
Office. https://​doi.​org/​10.​2800/​216446 Accessed 19 Dec 2025.

Eurostat. (2024). Eurostat—Transport. https://​ec.​europa.​eu/​euros​tat/​
web/​trans​port

Fatimah, Y. A., & Biswas, W. K. (2016). Sustainability assessment 
of remanufactured computers. Procedia CIRP, 40, 150–155.

Ferroukhi, R., Hawila, D., Khalid, A. (2017). Renewable energy ben-
efits leveraging local capacity for solar PV. IRENA: Masdar 
City, United Arab Emirates.

FHWA. (2022). Public road and street length, 1980 - 2022 miles by 
functional system. https://​www.​fhwa.​dot.​gov/​polic​yinfo​rmati​
on/​stati​stics/​2022/​hm220.​cfm

Filippas, A., Horton, J. J., & Zeckhauser, R. J. (2020). Owning, 
using, and renting: Some simple economics of the ‘sharing 
economy.’ Management Science, 66(9), 4152–4172.

Finkbeiner, M., & Hoffmann, R. (2006). Application of life cycle 
assessment for the environmental certificate of the Mercedes-
Benz S-Class (7 pp). The International Journal of Life Cycle 
Assessment, 11(4), 240–246.

Fishman, T., Heeren, N., Pauliuk, S., Berrill, P., Tu, Q., Wolfram, P., 
& Hertwich, E. G. (2021). A comprehensive set of global sce-
narios of housing, mobility, and material efficiency for material 

cycles and energy systems modeling. Journal of Industrial 
Ecology, 25(2), 305–320.

Ford, K.M., Arman, M., Labi, S., Sinha, K.C., Shirole, A., Thomp-
son, P., & Li, Z. Methodology for estimating life expectancies 
of highway assets.

Forrest, A., Hilton, M., Ballinger, A., & Whittaker, D. (2017). Cir-
cular economy opportunities in the furniture sector.

Fortes, P., Zotin, M., Metzner, J., Lingeswaran, S., Szcygiel, A., 
Hauenstein, D. Corbier. (2023). Review of CE policy questions 
and current knowledge gap and CE measures. May.

Forti, V., Baldé, K., & Kuehr, R. (2018). E-waste statistics: Guide-
lines on classifications, reporting and indicators.

Fu, S., Chen, W., Ding, J., & Wang, D. (2023). Optimal financing 
strategy in a closed-loop supply chain for construction machin-
ery remanufacturing with emissions abatement. Journal of 
Industrial and Management Optimization, 19(2), 1459–1485.

Gapminder. (2025). Dollar street. https://​www.​gapmi​nder.​org/​dol-
lar-​street?​topic=​armch​airs&​media=​all Accessed 29 Aug 2025.

Gassner, A., Lederer, J., Kanitschar, G., Ossberger, M., & Fellner, 
J. (2018). Extended ecological footprint for different modes of 
urban public transport: The case of Vienna, Austria. Land Use 
Policy, 72, 85–99.

Gelbmann, U., & Hammerl, B. (2015). Integrative re-use systems as 
innovative business models for devising sustainable product–
service-systems. Journal of Cleaner Production, 97, 50–60.

C. Gensch, Blepp, M. (2015). Betrachtungen zu Produktlebensdauer 
und Ersatzstrategien von Miele-Haushaltsgeräten. January 28. 
https://​www.​oeko.​de/​filea​dmin/​oekod​oc/​Leben​sdauer-​Ersat​
zstra​tegien-​Miele-​HH-​Gerae​te.​pdf Accessed 3 Apr 2025.

Ghisellini, P., Cialani, C., & Ulgiati, S. (2016). A review on circu-
lar economy: The expected transition to a balanced interplay 
of environmental and economic systems. Journal of Cleaner 
Production, 114, 11–32.

Giljum, S., Hak, T., Hinterberger, F., & Kovanda, J. (2005). Envi-
ronmental governance in the European Union: Strategies and 
instruments for absolute decoupling. International Journal of 
Sustainable Development, 8(1/2), 31.

Govindan, K., Shaw, M., & Majumdar, A. (2021). Social sustainabil-
ity tensions in multi-tier supply chain: A systematic literature 
review towards conceptual framework development. Journal 
of Cleaner Production, 279, Article 123075.

Graedel, T. E., Allwood, J., Birat, J.-P., Buchert, M., Hagelüken, C., 
Reck, B. K., Sibley, S. F., & Sonnemann, G. (2011). What do 
we know about metal recycling rates? Journal of Industrial 
Ecology, 15(3), 355–366.

Greene, M., Kloppenburg, S., van Dam, S., & Ruzzenenti, F. (2025). 
Beyond efficiency: Rebound effects and the socio-material 
complexities of circular consumption. Consumption and Soci-
ety, 4(2), 325–337.

von Gries, N., & Bringezu, S. (2022). Using new spare parts for 
repair of waste electrical and electronic equipment? The mate-
rial footprint of individual components. Resources, 11(2), Arti-
cle 24.

Guillén-Lambea, S., Carvalho, M., Delgado, M., & Lazaro, A. 
(2021). Sustainable enhancement of district heating and cool-
ing configurations by combining thermal energy storage and 
life cycle assessment. Clean Technologies and Environmental 
Policy, 23(3), 857–867.

Haas, W., Baumgart, A., Eisenmenger, N., Virág, D., Kalt, G., Som-
mer, M., Kratena, K., & Meyer, I. (2025). How decarbonization 
and the circular economy interact: Benefits and trade-offs in 
the case of the buildings, transport, and electricity sectors in 
Austria. Journal of Industrial Ecology, 29(2), 531–545.

Haberl, H., Wiedenhofer, D., Erb, K.-H., Görg, C., & Krausmann, 
F. (2017). The material stock–flow–service nexus: A new 

https://topsectorenergie.nl/nl/kennisbank/lifetime-extension-and-optimal-lifecycle-offshore-wind-turbines/
https://topsectorenergie.nl/nl/kennisbank/lifetime-extension-and-optimal-lifecycle-offshore-wind-turbines/
https://topsectorenergie.nl/nl/kennisbank/lifetime-extension-and-optimal-lifecycle-offshore-wind-turbines/
https://alternative-fuels-observatory.ec.europa.eu/transport-mode/road
https://alternative-fuels-observatory.ec.europa.eu/transport-mode/road
https://www.pbl.nl/en/publications/mitigating-greenhouse-gas-emissions-in-hard-to-abate-sectors
https://www.pbl.nl/en/publications/mitigating-greenhouse-gas-emissions-in-hard-to-abate-sectors
https://www.indicators.odyssee-mure.eu/energy-efficiency-database.html
https://www.indicators.odyssee-mure.eu/energy-efficiency-database.html
http://data.europa.eu/eli/dir/2023/1791/oj/eng
https://doi.org/10.2800/216446
https://ec.europa.eu/eurostat/web/transport
https://ec.europa.eu/eurostat/web/transport
https://www.fhwa.dot.gov/policyinformation/statistics/2022/hm220.cfm
https://www.fhwa.dot.gov/policyinformation/statistics/2022/hm220.cfm
https://www.gapminder.org/dollar-street?topic=armchairs&media=all
https://www.gapminder.org/dollar-street?topic=armchairs&media=all
https://www.oeko.de/fileadmin/oekodoc/Lebensdauer-Ersatzstrategien-Miele-HH-Geraete.pdf
https://www.oeko.de/fileadmin/oekodoc/Lebensdauer-Ersatzstrategien-Miele-HH-Geraete.pdf


	 Journal of Industrial Ecology

approach for tackling the decoupling conundrum. Sustain-
ability, 9(7), 1049.

Haberl, H., Wiedenhofer, D., Schug, F., Frantz, D., Virág, D., Plut-
zar, C., & Hostert, P. (2021). High-resolution maps of material 
stocks in buildings and infrastructures in Austria and Germany. 
Environmental Science & Technology, 55(5), 3368–3379.

Haberl, H., Wiedenhofer, D., Virág, D., Kalt, G., Plank, B., Brock-
way, P., & Creutzig, F. (2020). A systematic review of the 
evidence on decoupling of GDP, resource use and GHG 
emissions, part II: Synthesizing the insights. Environmental 
Research Letters, 15(6), Article 065003.

Habermacher, F., Althaus, H.-J. (2011). Modeling material inven-
tories and environmental impacts of electric passenger cars-
comparison of LCA results between electric and conventional 
vehicle scenarios. Dep. of Environmental Sciences Master 94.

Hamid, A., Akram, K. F., Wahlström, Å., & Wallentén, P. (2018). 
Literature review on renovation of multifamily buildings in 
temperate climate conditions. Energy and Buildings, 172, 
414–431.

Han, J., & Xiang, W.-N. (2013). Analysis of material stock accumula-
tion in China’s infrastructure and its regional disparity. Sustain-
ability Science, 8(4), 553–564.

Hans-Jörg Althaus, & Gauch, M. (2010). Vergleichende Ökobilanz 
individueller Mobilität: Elektromobilität versus konventionelle 
Mobilität mit Bio- und fossilen Treibstoffen. Empa. https://​doi.​
org/​10.​13140/​RG.2.​1.​4191.​8482 Accessed 3 Apr 2025.

Hao, H., Wang, H., Ouyang, M., & Cheng, F. (2011). Vehicle survival 
patterns in China. Science China Technological Sciences, 54(3), 
625–629.

Harrison, G. P., Maclean, E (Ned)J., Karamanlis, S., & Ochoa, L. F. 
(2010). Life cycle assessment of the transmission network in 
Great Britain. Energy Policy, 38(7), 3622–3631.

Hasan, U., Whyte, A., & Al Jassmi, H. (2020). Life cycle assessment 
of roadworks in United Arab Emirates: Recycled construction 
waste, reclaimed asphalt pavement, warm-mix asphalt and blast 
furnace slag use against traditional approach. Journal of Cleaner 
Production, 257, Article 120531.

Hawkins, Majeau-Bettez, & Stromman. (2013a). Corrigendum to: 
Hawkins, T. R., Singh, B., Majeau‐Bettez, G., & Strømman, A. 
H. (2012). Comparative environmental life cycle assessment of 
conventional and electric vehicles. Journal of Industrial Ecol-
ogy https://​doi.​org/​10.​1111/j.​1530-​9290.​2012.​00532.x. Journal 
of Industrial Ecology 17(1): 158–160.

Hawkins, T. R., Singh, B., Majeau‐Bettez, G., & Strømman, A. H. 
(2013). Comparative environmental life cycle assessment of con-
ventional and electric vehicles. Journal of Industrial Ecology, 
17(1), 53–64.

Heath, G. A., Silverman, T. J., Kempe, M., Deceglie, M., Ravikumar, 
D., Remo, T., & Cui, H. (2020). Research and development pri-
orities for silicon photovoltaic module recycling to support a 
circular economy. Nature Energy, 5(7), 502–510.

Heeren, N., & Fishman, T. (2019). A database seed for a community-
driven material intensity research platform. Scientific Data, 6(1), 
Article 23.

Hensher, D. A., Wei, E., & Beck, M. J. (2023). The impact of COVID-
19 and working from home on the workspace retained at the 
main location office space and the future use of satellite offices. 
Transport Policy, 130, 184–195.

Hertwich, E. G., Ali, S., Ciacci, L., Fishman, T., Heeren, N., Masanet, 
E., & Wolfram, P. (2019). Material efficiency strategies to reduc-
ing greenhouse gas emissions associated with buildings, vehi-
cles, and electronics—A review. Environmental Research Letters, 
14(4), Article 043004.

Hischier, R., Classen, M., Lehmann, M., & Scharnhorst, W. (2007). 
Life cycle inventories of electric and electronic equipment: 

Production, use and disposal. Final report ecoinvent data v2.0. 
Swiss Centre for Life Cycle Inventories.

Hitachi. (2023). EPD ultra China altitude elevator. EPD international 
AB. https://​api.​envir​ondec.​com/​api/​v1/​EPDLi​brary/​Files/​94778​
d5c-​dbf3-​4f9b-​5149-​08dbd​56960​5a/​Data Accessed 4 Mar 2025.

Höjer, M., & Mjörnell, K. (2018). Measures and steps for more efficient 
use of buildings. Sustainability, 10(6), 1949.

Horvath, A. (2006). Environmental assessment of freight transportation 
in the U.S. The International Journal of Life Cycle Assessment, 
11(4), 229–239.

Huang, L., Bohne, R. A., Bruland, A., Jakobsen, P. D., & Lohne, J. 
(2015). Life cycle assessment of Norwegian road tunnel. The 
International Journal of Life Cycle Assessment, 20(2), 174–184.

Huang, T., Shi, F., Tanikawa, H., Fei, J., & Han, J. (2013). Materials 
demand and environmental impact of buildings construction and 
demolition in China based on dynamic material flow analysis. 
Resources, Conservation and Recycling, 72, 91–101.

Huisman, J., Magalini, F., Kuehr, R., Maurer, C., Ogilvie, S., Poll, 
J., Delgado, C., Artim, E., Szlezak, J., & Stevels, A. (2007). 
Final Report 2008 EU WEEE Directive Review. May 8. https://​
www.​resea​rchga​te.​net/​publi​cation/​30480​1793_​Final_​Report_​
2008_​EU_​WEEE_​Direc​tive_​Review

Husein, H. A. (2021). Multifunctional furniture as a smart solution 
for small spaces for the case of Zaniary Towers apartments in 
Erbil City, Iraq. International Transaction Journal of Engi-
neering. https://​doi.​org/​10.​14456/​ITJEM​AST.​2021.8

IAMC. (2025). The IAMC timeseries data format — ece-docs docu-
mentation. https://​docs.​ece.​iiasa.​ac.​at/​iamc.​html Accessed 28 
Feb 2025.

Ikeda, Y. (2023). Quantifying materials in household furniture: A 
case study of dynamic furniture stock in American homes. 
https://​repos​itory.​tudel​ft.​nl/​islan​dora/​object/​uuid%​3Afec​
8d24f-​f856-​43a4-​8673-​570cc​6de9d​01 Accessed 10 Mar 2024.

Intergovernmental Panel On Climate Change (IPCC). (2023). Cli-
mate change 2021—The physical science basis: Working group 
I contribution to the sixth assessment report of the intergovern-
mental panel on climate change. 1st ed. Cambridge University 
Press, July 6. https://​www.​cambr​idge.​org/​core/​produ​ct/​ident​
ifier/​97810​09157​896/​type/​book Accessed 9 Sept 2025.

International Energy Agency. (2018). Global EV Outlook 2018: 
Towards cross-modal electrification. Global EV Outlook. 
OECD, June 9. https://​www.​oecd.​org/​en/​publi​catio​ns/​global-​
ev-​outlo​ok-​2018_​97892​64302​365-​en.​html. Accessed 28 Feb 
2025.

International Energy Agency. (2021). Net zero by 2050—A roadmap 
for the global energy sector. Paris. https://​iea.​blob.​core.​windo​ws.​
net/​assets/​deebe​f5d-​0c34-​4539-​9d0c-​10b13​d8400​27/​NetZe​roby2​
050-​ARoad​mapfo​rtheG​lobal​Energ​ySect​or_​CORR.​pdf

International Energy Agency. (2023). Unlocking smart grid opportu-
nities in emerging markets and developing economies. Organi-
zation for Economic Co-operation and Development (OECD) 
Publishing.

International Energy Agency. (2024). Energy Efficiency 2024. https://​
iea.​blob.​core.​windo​ws.​net/​assets/​f304f​2ba-​e9a2-​4e6d-​b529-​
fb67c​d13f6​46/​Energ​yEffi​cienc​y2024.​pdf

International Resource Panel and United Nations Environment Pro-
gramme. (2011). Decoupling natural resource use and environ-
mental impacts from economic growth. UNEP/Earthprint.

IUC. (2023). Passenger.kilometers, Tonne.kilometres and Line kilom-
eters timeseries over the period 2004–2023. https://​uic.​org/​IMG/​
pdf/​table_​2023.​pdf

Iyer, N. V., & Badami, M. G. (2007). Two-wheeled motor vehicle tech-
nology in India: Evolution, prospects and issues. Energy Policy, 
35(8), 4319–4331.

Iyer, R. K., Kelly, J. C., & Elgowainy, A. (2023). Vehicle-cycle and 
life-cycle analysis of medium-duty and heavy-duty trucks in the 

https://doi.org/10.13140/RG.2.1.4191.8482
https://doi.org/10.13140/RG.2.1.4191.8482
https://doi.org/10.1111/j.1530-9290.2012.00532.x
https://api.environdec.com/api/v1/EPDLibrary/Files/94778d5c-dbf3-4f9b-5149-08dbd569605a/Data
https://api.environdec.com/api/v1/EPDLibrary/Files/94778d5c-dbf3-4f9b-5149-08dbd569605a/Data
https://www.researchgate.net/publication/304801793_Final_Report_2008_EU_WEEE_Directive_Review
https://www.researchgate.net/publication/304801793_Final_Report_2008_EU_WEEE_Directive_Review
https://www.researchgate.net/publication/304801793_Final_Report_2008_EU_WEEE_Directive_Review
https://doi.org/10.14456/ITJEMAST.2021.8
https://docs.ece.iiasa.ac.at/iamc.html
https://repository.tudelft.nl/islandora/object/uuid%3Afec8d24f-f856-43a4-8673-570cc6de9d01
https://repository.tudelft.nl/islandora/object/uuid%3Afec8d24f-f856-43a4-8673-570cc6de9d01
https://www.cambridge.org/core/product/identifier/9781009157896/type/book
https://www.cambridge.org/core/product/identifier/9781009157896/type/book
https://www.oecd.org/en/publications/global-ev-outlook-2018_9789264302365-en.html
https://www.oecd.org/en/publications/global-ev-outlook-2018_9789264302365-en.html
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/f304f2ba-e9a2-4e6d-b529-fb67cd13f646/EnergyEfficiency2024.pdf
https://iea.blob.core.windows.net/assets/f304f2ba-e9a2-4e6d-b529-fb67cd13f646/EnergyEfficiency2024.pdf
https://iea.blob.core.windows.net/assets/f304f2ba-e9a2-4e6d-b529-fb67cd13f646/EnergyEfficiency2024.pdf
https://uic.org/IMG/pdf/table_2023.pdf
https://uic.org/IMG/pdf/table_2023.pdf


Journal of Industrial Ecology	

United States. Science of the Total Environment, 891, Article 
164093.

Jaco Huisman, Hina Habib, Kees Balde, Vincent van Straalen, Per-
rine Chancerel, Claude Chanson, Maria Ljunggren Söderman, & 
Duncan Kushnir. (2017). Product Stocks and Flows Deliverable 
3.3. https://​www.​prosu​mproj​ect.​eu/​sites/​defau​lt/​files/​170601%​
20Pro​SUM%​20Del​ivera​ble%​203.3%​20Fin​al.​pdf

Jakub, S., Adrian, L., Mieczysław, B., Ewelina, B., & Katarzyna, Z. 
(2022). Life cycle assessment study on the public transport bus 
fleet electrification in the context of sustainable urban develop-
ment strategy. Science of the Total Environment, 824, Article 
153872.

Jiang, M., Wang, R., Wood, R., Rasul, K., Zhu, B., & Hertwich, E. 
(2023). Material and carbon footprints of machinery capital. 
Environmental Science & Technology, 57(50), 21124–21135.

Jones, C. I., & McManus, M. C. (2010). Life-cycle assessment of 11kV 
electrical overhead lines and underground cables. Journal of 
Cleaner Production, 18(14), 1464–1477.

Jorge, R. S., Hawkins, T. R., & Hertwich, E. G. (2012a). Life cycle 
assessment of electricity transmission and distribution—Part 1: 
Power lines and cables. The International Journal of Life Cycle 
Assessment, 17(1), 9–15.

Jorge, R. S., Hawkins, T. R., & Hertwich, E. G. (2012b). Life cycle 
assessment of electricity transmission and distribution—Part 2: 
Transformers and substation equipment. The International Jour-
nal of Life Cycle Assessment, 17(2), 184–191.

Kalt, G., Thunshirn, P., & Haberl, H. (2021a). A global inventory of 
electricity infrastructures from 1980 to 2017: Country-level data 
on power plants, grids and transformers. Data in Brief, 38, Arti-
cle 107351.

Kalt, G., Thunshirn, P., Wiedenhofer, D., Krausmann, F., Haas, W., & 
Haberl, H. (2021b). Material stocks in global electricity infra-
structures—An empirical analysis of the power sector’s stock-
flow-service nexus. Resources, Conservation and Recycling, 173, 
Article 105723.

Keijzer, E., Leegwater, G., de Vos-Effting, S., & de Wit, M. (2015). 
Carbon footprint comparison of innovative techniques in the con-
struction and maintenance of road infrastructure in The Nether-
lands. Environmental Science & Policy, 54, 218–225.

Kelly, J.C., & O. Winjobi (2020). Update of vehicle material com-
positions in the GREET model. Argonne National Laboratory, 
Energy Systems Division.

Kerdlap, P., & Gheewala, S. H. (2016). Electric motorcycles in Thai-
land: A life cycle perspective. Journal of Industrial Ecology, 
20(6), 1399–1411.

Khalili, S., Rantanen, E., Bogdanov, D., & Breyer, C. (2019). Global 
transportation demand development with impacts on the energy 
demand and greenhouse gas emissions in a climate-constrained 
world. Energies, 12(20), Article 3870.

Kirchherr, J., Reike, D., & Hekkert, M. (2017). Conceptualizing the 
circular economy: An analysis of 114 definitions. Resources, 
Conservation and Recycling, 127, 221–232.

Kis, Z., Pandya, N., & Koppelaar, R. H. E. M. (2018). Electricity 
generation technologies: Comparison of materials use, energy 
return on investment, jobs creation and CO2 emissions reduction. 
Energy Policy, 120, 144–157.

Kjaer, L. L., Pigosso, D. C. A., Niero, M., Bech, N. M., & McAloone, 
T. C. (2019). Product/service-systems for a circular economy: 
The route to decoupling economic growth from resource con-
sumption? Journal of Industrial Ecology, 23(1), 22–35.

Koch, J., & K. Vringer (2022) Hoe ‘circulair’ Zijn Nederlandse Consu-
menten? https://​www.​pbl.​nl/​publi​caties/​hoe-​circu​lair-​zijn-​neder​
landse-​consu​menten

Krausmann, F., Wiedenhofer, D., Lauk, C., Haas, W., Tanikawa, H., 
Fishman, T., Miatto, A., Schandl, H., & Haberl, H. (2017). 

Global socioeconomic material stocks rise 23-fold over the 20th 
century and require half of annual resource use. Proceedings of 
the National Academy of Sciences, 114(8), 1880–1885.

Laitala, K., Klepp, I. G., Haugrønning, V., Throne-Holst, H., & Strand-
bakken, P. (2021). Increasing repair of household appliances, 
mobile phones and clothing: Experiences from consumers and 
the repair industry. Journal of Cleaner Production, 282(Febru-
ary), Article 125349.

Lederer, J., Fellner, J., Gassner, A., Gruhler, K., & Schiller, G. (2021a). 
Determining the material intensities of buildings selected by ran-
dom sampling: A case study from Vienna. Journal of Industrial 
Ecology, 25(4), 848–863.

Lederer, J., Gassner, A., Fellner, J., Mollay, U., & Schremmer, C. 
(2021b). Raw materials consumption and demolition waste 
generation of the urban building sector 2016–2050: A scenario-
based material flow analysis of Vienna. Journal of Cleaner Pro-
duction, 288, Article 125566.

Li, F., Ye, Z., Xiao, X., Xu, J., & Liu, G. (2020). Material stocks and 
flows of power infrastructure development in China. Resources, 
Conservation and Recycling, 160, Article 104906.

Li, H., Pauliuk, S., Liu, Y., Sun, X., Wang, P., & Chen, W.-Q. (2025). 
Resource and emission savings from material efficiency strat-
egies for passenger vehicles in China’s provinces. Resources, 
Conservation and Recycling, 220, Article 108349.

Li, X., Song, L., Liu, Q., Ouyang, X., Mao, T., Lu, H., Liu, L., Liu, X., 
Chen, W., & Liu, G. (2023). Product, building, and infrastructure 
material stocks dataset for 337 Chinese cities between 1978 and 
2020. Scientific Data, 10(1), 228.

Li, Y., & Yu, Y. (2017). The use of freight apps in road freight transport 
for CO2 reduction. European Transport Research Review. https://​
doi.​org/​10.​1007/​s12544-​017-​0251-y

Lie, K. W., Synnevåg, T. A., Lamb, J. J., & Lien, K. M. (2021). The 
carbon footprint of electrified city buses: A case study in Trond-
heim, Norway. Energies, 14(3), Article 770.

Lima, A. T., Simoes, S. G., Aloini, D., Zerbino, P., Oikonomou, T. 
I., Karytsas, S., Karytsas, C., et al. (2023). Climate mitigation 
models need to become circular—let’s start with the construc-
tion sector. Resources, Conservation and Recycling, 190, Article 
106808.

Linares-Capurro, A., Cárdenas-Mamani, Ú., Kahhat, R., & Fishman, 
T. (2026). Building inequality: How construction materials 
shape service provision and socio-economic divides in Lima. 
Resources, Conservation and Recycling, 228, Article 108815.

Linderhof, V., Oosterhuis, F. H., Van Beukering, P. J. H., & Bartelings, 
H. (2019). Effectiveness of deposit-refund systems for household 
waste in the Netherlands: Applying a partial equilibrium model. 
Journal of Environmental Management, 232, 842–850.

Liu, J., Wang, M., Zhang, C., Yang, M., & Li, Y. (2020). Material flows 
and in-use stocks of durable goods in Chinese urban household 
sector. Resources, Conservation and Recycling, 158, Article 
104758.

Liu, M., Zhang, K., Liang, Y., Yang, Y., Chen, Z., & Liu, W. (2023). 
Life cycle environmental and economic assessment of electric 
bicycles with different batteries in China. Journal of Cleaner 
Production, 385, Article 135715.

Liu, Q., Cao, Z., Liu, X., Liu, L., Dai, T., Han, J., Duan, H., et al. 
(2019). Product and metal stocks accumulation of China’s meg-
acities: Patterns, drivers, and implications. Environmental Sci-
ence & Technology, 53(8), 4128–4139.

Liu, Z., Geng, Y., Adams, M., Dong, L., Sun, L., Zhao, J., Dong, H., 
Wu, J., & Tian, X. (2016). Uncovering driving forces on green-
house gas emissions in China’ aluminum industry from the per-
spective of life cycle analysis. Applied Energy, 166, 253–263.

Lu, T., Ke, J., Prager, F., & Martinez, J. N. (2022). “TELE-commut-
ing” during the COVID-19 pandemic and beyond: Unveiling 

https://www.prosumproject.eu/sites/default/files/170601%20ProSUM%20Deliverable%203.3%20Final.pdf
https://www.prosumproject.eu/sites/default/files/170601%20ProSUM%20Deliverable%203.3%20Final.pdf
https://www.pbl.nl/publicaties/hoe-circulair-zijn-nederlandse-consumenten
https://www.pbl.nl/publicaties/hoe-circulair-zijn-nederlandse-consumenten
https://doi.org/10.1007/s12544-017-0251-y
https://doi.org/10.1007/s12544-017-0251-y


	 Journal of Industrial Ecology

state-wide patterns and trends of telecommuting in relation to 
transportation, employment, land use, and emissions in Califor-
nia. San Jose State University. College of Business.

Luderer, G., Pehl, M., Arvesen, A., Gibon, T., Bodirsky, B. L., De 
Boer, H. S., Fricko, O., & Hertwich, E. G. (2019). Environmental 
co-benefits and adverse side-effects of alternative power sector 
decarbonization strategies. Nature Communications, 10(1), 5229.

Månberger, A., & Stenqvist, B. (2018). Global metal flows in the 
renewable energy transition: Exploring the effects of substi-
tutes, technological mix and development. Energy Policy, 119, 
226–241.

Mantoam, E. J., Angnes, G., Mekonnen, M. M., & Romanelli, T. L. 
(2020). Energy, carbon and water footprints on agricultural 
machinery. Biosystems Engineering, 198, 304–322.

Mantzos, L., Matei, N.A., Mulholland, E., Rószai, M., Tamba, M., 
& Wiesenthal, T. (2018). Joint Research Centre (JRC) Dataset 
JRC-IDEES 2015. European Commission, Joint Research Centre 
(JRC). https://​doi.​org/​10.​2905/​JRC-​10110-​10001

Mao, R., Bao, Y., Duan, H., & Liu, G. (2021). Global urban subway 
development, construction material stocks, and embodied carbon 
emissions. Humanities and Social Sciences Communications, 
8(1), Article 83.

Mao, R., Bao, Y., Huang, Z., Liu, Q., & Liu, G. (2020). High-resolution 
mapping of the urban built environment stocks in Beijing. Envi-
ronmental Science & Technology, 54(9), 5345–5355.

Marinova, S., Deetman, S., van der Voet, E., & Daioglou, V. (2020). 
Global construction materials database and stock analysis of 
residential buildings between 1970-2050. Journal of Cleaner 
Production, 247, Article 119146.

Meijer, J. R., Huijbregts, M. A. J., Schotten, K. C. G. J., & Schipper, A. 
M. (2018). Global patterns of current and future road infrastruc-
ture. Environmental Research Letters, 13(6), Article 064006.

Mequignon, M., Ait Haddou, H., Thellier, F., & Bonhomme, M. 
(2013). Greenhouse gases and building lifetimes. Building and 
Environment, 68, 77–86.

Merchan, A. L., Belboom, S., & Léonard, A. (2020). Life cycle assess-
ment of rail freight transport in Belgium. Clean Technologies and 
Environmental Policy, 22(5), 1109–1131.

Miatto, A., Fasanella, Y., Mainardi, M., & Borin, P. (2023). Correla-
tion between building size and material intensity in residential 
buildings. Resources, Conservation and Recycling, 197, Article 
107093.

Mohammadiziazi, R., & Bilec, M. M. (2023). Quantifying and spatial-
izing building material stock and renovation flow for circular 
economy. Journal of Cleaner Production, 389, Article 135765.

Moschen-Schimek, J., Kasper, T., & Huber-Humer, M. (2023). Criti-
cal review of the recovery rates of construction and demolition 
waste in the European Union—An analysis of influencing factors 
in selected EU countries. Waste Management, 167, 150–164.

Moss, R. L., Tzimas, E., Kara, H., Willis, P., & Kooroshy, J. (2013). 
The potential risks from metals bottlenecks to the deployment 
of strategic energy technologies. Energy Policy, 55, 556–564.

Nabizadeh, A., Tabatabai, H., & Tabatabai, M. (2018). Survival anal-
ysis of bridge superstructures in Wisconsin. Applied Sciences, 
8(11), Article 2079.

Najan, Palanival, Elavarasan, Balaji, Dinesh, & Gowtham. (2019). 
Design and fabrication of multifunctional furniture. International 
Journal of Research in Engineering, Science and Management, 
2(5), 442–447.

Nasr, N. (2018). Re-defining value: The manufacturing revolution-
remanufacturing, refurbishment, repair and direct reuse in the 
circular economy.

Nationale Bank van Belgie. (2014). Computing capital stock in the 
Belgian national accounts according to the ESA 2010. October. 
https://​www.​nbb.​be/​doc/​dq/e_​method/​m_​sec20​10d2_​en.​pdf

Nguyen, T. C., Fishman, T., Miatto, A., & Tanikawa, H. (2019). Esti-
mating the material stock of roads: The Vietnamese case study. 
Journal of Industrial Ecology, 23(3), 663–673.

Nomura, K. and Y. Suga. 2018. Measurement of depreciation rates 
using microdata from disposal survey of Japan.

Norris, M. (2013). Planning to extend the life of major assets. Procedia 
CIRP, 11, 207–212.

Oguchi, M., Murakami, S., Sakanakura, H., Kida, A., & Kameya, T. 
(2011). A preliminary categorization of end-of-life electrical and 
electronic equipment as secondary metal resources. Waste Man-
agement, 31(9), 2150–2160.

Ottelin, J., Cetinay, H., & Behrens, P. (2020). Rebound effects may 
jeopardize the resource savings of circular consumption: Evi-
dence from household material footprints. Environmental 
Research Letters, 15(10), Article 104044.

Otterbach, N., & Fröhling, M. (2024). Assessing the environmen-
tal impacts of product-service systems—The case of washing 
machines in Germany. Resources, Conservation and Recycling, 
204, Article 107446.

Pacca, S., & Horvath, A. (2002). Greenhouse gas emissions from build-
ing and operating electric power plants in the Upper Colorado 
River Basin. Environmental Science & Technology, 36(14), 
3194–3200.

Parajuly, K., Fitzpatrick, C., Muldoon, O., & Kuehr, R. (2020). Behav-
ioral change for the circular economy: A review with focus on 
electronic waste management in the EU. Resources, Conserva-
tion & Recycling, 6, Article 100035.

Pauliuk, S., Heeren, N., Berrill, P., Fishman, T., Nistad, A., Tu, Q., 
Wolfram, P., & Hertwich, E. G. (2021). Global scenarios of 
resource and emission savings from material efficiency in resi-
dential buildings and cars. Nature Communications, 12(1), Arti-
cle 5097.

Pauliuk, S., Kondo, Y., Nakamura, S., & Nakajima, K. (2017). Regional 
distribution and losses of end-of-life steel throughout multiple 
product life cycles—Insights from the global multiregional 
MaTrace model. Resources, Conservation and Recycling, 116, 
84–93.

Peeters, J. R., Vanegas, P., Kellens, K., Wang, F., Huisman, J., Dewulf, 
W., & Duflou, J. R. (2015). Forecasting waste compositions: A 
case study on plastic waste of electronic display housings. Waste 
Management, 46, 28–39.

Pérez-Sánchez, L. À., Fishman, T., & Behrens, P. (2024). Undoing the 
lock-in of suburban sprawl: Towards an integrated modelling of 
materials and emissions in buildings and vehicles. Journal of 
Cleaner Production, 451, Article 141954.

Pezzutto, S., Giussani, F., Bottino, D., Claudio Zandonella Callegher, 
Farahi Mohammad, A., & Wilczynski, E. (2024). Horizon 
Europe MODERATE project—WP3—data collection [object 
Object], February 13. https://​zenodo.​org/​doi/​10.​5281/​zenodo.​
10655​099 Accessed 5 May 2024.

Pezzutto, S., Zambotti, S., Croce, S., Zambelli, P., Scaramuzzino, C., 
Pascuas, R.P., Haas, F., Exner, D., Lucchi, E. & Della Valle, N., 
(2019). D2.3 WP2 report—Open data set for the EU28. https://​
www.​hotma​ps-​proje​ct.​eu/​wp-​conte​nt/​uploa​ds/​2018/​03/​D2.3-​
Hotma​ps_​for-​upload_​revis​ed-​final_.​pdf

Pongiglione, M., & Calderini, C. (2014). Material savings through 
structural steel reuse: A case study in Genoa. Resources, Con-
servation and Recycling, 86, 87–92.

Potting, J., Hekkert, M., Worrell, E., & Hanemaaijer, A. (2017). Circu-
lar economy: Measuring innovation in the product chain. PBL 
Netherlands Environmental Assessment Agency.

Rassõlkin, A., Belahcen, A., Kallaste, A., Vaimann, T., Lukichev, D. 
V., Orlova, S., Heidari, H., Asad, B., & Acedo, J. P. (2020). Life 
cycle analysis of electrical motor-drive system based on electrical 
machine type. Proceedings of the Estonian Academy of Sciences, 
69(2), 162.

https://doi.org/10.2905/JRC-10110-10001
https://www.nbb.be/doc/dq/e_method/m_sec2010d2_en.pdf
https://zenodo.org/doi/10.5281/zenodo.10655099
https://zenodo.org/doi/10.5281/zenodo.10655099
https://www.hotmaps-project.eu/wp-content/uploads/2018/03/D2.3-Hotmaps_for-upload_revised-final_.pdf
https://www.hotmaps-project.eu/wp-content/uploads/2018/03/D2.3-Hotmaps_for-upload_revised-final_.pdf
https://www.hotmaps-project.eu/wp-content/uploads/2018/03/D2.3-Hotmaps_for-upload_revised-final_.pdf


Journal of Industrial Ecology	

Razo-Zapata, I.S., Mihaylov, M., Nowe, A. (2016). Integration of load 
shifting and storage to reduce gray energy demand. In 2016 5th 
International Conference on Smart Cities and Green ICT Sys-
tems (SMARTGREENS), 1–12. https://​ieeex​plore.​ieee.​org/​abstr​
act/​docum​ent/​79513​47 Accessed 14 Apr 2025.

Reike, D., Vermeulen, W. J. V., & Witjes, S. (2018). The circular econ-
omy: New or refurbished as CE 3.0?—Exploring controversies 
in the conceptualization of the circular economy through a focus 
on history and resource value retention options. Resources, Con-
servation and Recycling, 135, 246–264.

Ren, Z., Jiang, M., Chen, D., Yu, Y., Li, F., Xu, M., Bringezu, S., & 
Zhu, B. (2022). Stocks and flows of sand, gravel, and crushed 
stone in China (1978–2018): Evidence of the peaking and struc-
tural transformation of supply and demand. Resources, Conser-
vation and Recycling, 180, Article 106173.

Reyna, J. L., & Chester, M. V. (2015). The growth of urban building 
stock: Unintended lock‐in and embedded environmental effects. 
Journal of Industrial Ecology, 19(4), 524–537.

Rietveld, E., Boonman, H., van Harmelen, T., Hauck, M., Bastein, T. 
(2019). Global energy transition and metal demand. An introduc-
tion and circular economy perspectives. TNO.

Rincon-Aznar, A., Riley, R., Young, G. (2017). Academic review of 
asset lives in the UK.

Rodrigue, J.-P. (2020). The geography of transport systems (Fifth). 
Routledge. https://​doi.​org/​10.​4324/​97804​29346​323

Rosling, H., Rosling, O., & Rönnlund, A. R. (2018). Factfulness: Ten 
reasons we’re wrong about the world–and why things are better 
than you think. Flatiron.

Rousseau, L. S. A., Kloostra, B., AzariJafari, H., Saxe, S., Gregory, J., 
& Hertwich, E. G. (2022). Material stock and embodied green-
house gas emissions of global and urban road pavement. Environ-
mental Science & Technology, 56(24), 18050–18059.

Roy, P., Miah, M. D., & Zafar, M. T. (2019). Environmental impacts 
of bicycle production in Bangladesh: A cradle-to-grave life cycle 
assessment approach. SN Applied Sciences, 1, 1–16.

Russell, J. D., Huff, K., & Haviarova, E. (2023). Evaluating the cas-
cading-use of wood furniture: How value-retention processes 
can contribute to material efficiency and circularity. Journal of 
Industrial Ecology, 27(3), 856–867.

Safarzynska, K., Domenico, L., & Raberto, M. (2023). The circular 
economy mitigates the material rebound due to investments in 
renewable energy. Journal of Cleaner Production, 402, Article 
136753.

Santos, S. F., Gough, M., Fitiwi, D. Z., Pogeira, J., Shafie-khah, M., 
& Catalão, J. P. S. (2022). Dynamic distribution system recon-
figuration considering distributed renewable energy sources 
and energy storage systems. IEEE Systems Journal, 16(3), 
3723–3733.

Scheel, C., Aguiñaga, E., & Bello, B. (2020). Decoupling economic 
development from the consumption of finite resources using cir-
cular economy. A model for developing countries. Sustainability, 
12(4), Article 1291.

Scherer, L., Behrens, P., de Koning, A., Heijungs, R., Sprecher, B., & 
Tukker, A. (2018). Trade-offs between social and environmental 
sustainable development goals. Environmental Science & Policy, 
90, 65–72.

Schiller, G. (2007). Urban infrastructure: Challenges for resource effi-
ciency in the building stock. Building Research & Information, 
35(4), 399–411.

Schlacke, S., Wentzien, H., Thierjung, E.-M., & Köster, M. (2022). 
Implementing the EU Climate Law via the ‘Fit for 55’ package. 
Oxford Open Energy, 1, Article oiab002.

Schneider, F., Castillo Castro, D. S., Weng, K.-C., Shei, C.-H., & Lin, 
H.-T. (2023). Comparative life cycle assessment (LCA) on bat-
tery electric and combustion engine motorcycles in Taiwan. 
Journal of Cleaner Production, 406, Article 137060.

Schoonover, H. A., Mont, O., & Lehner, M. (2021). Exploring barriers 
to implementing product-service systems for home furnishings. 
Journal of Cleaner Production, 295, Article 126286.

Schuster, V., Ciacci, L., & Passarini, F. (2023). Mining the in-use 
stock of energy-transition materials for closed-loop e-mobility. 
Resources Policy, 86, Article 104155.

Sebi, Lapillonne, & Routin. (2013). Entranze. https://​entra​nze.​enerd​
ata.​net/ Accessed 27 Feb 2025.

Sen, B., Kucukvar, M., Onat, N. C., & Tatari, O. (2020). Life cycle sus-
tainability assessment of autonomous heavy-duty trucks. Journal 
of Industrial Ecology, 24(1), 149–164.

Seyring, N., Kling, M., Weibenbacher, J., Hestin, M., Lecerf, L., 
Magalini, F., Khetriwal, D.S., & Kuehr, R. (2015). Study on 
WEEE recovery targets, preparation for re-use targets and on 
the method for calculation of the recovery targets. https://​circa​bc.​
europa.​eu/​ui/​group/​636f9​28d-​2669-​41d3-​83db-​093e9​0ca93​a2/​
libra​ry/​445df​968-​aa18-​46f9-​9e88-​85fec​5c5bb​6a/​detai​ls?​downl​
oad=​true

Shahraeeni, M., Ahmed, S., Malek, K., Van Drimmelen, B., & 
Kjeang, E. (2015). Life cycle emissions and cost of transpor-
tation systems: Case study on diesel and natural gas for light 
duty trucks in municipal fleet operations. Journal of Natural 
Gas Science and Engineering, 24, 26–34.

Shinde, A. M., Dikshit, A. K., & Soni, A. (2024). Environmental life 
cycle assessment of underground metro rail: A case study in 
Mumbai Metropolitan Region, India. Environmental Impact 
Assessment Review, 106, Article 107501.

Siemens. (2025) SG 8.0-167 Offshore wind turbine. https://​www.​
sieme​nsgam​esa.​com/​global/​en/​home/​produ​cts-​and-​servi​ces/​
offsh​ore/​wind-​turbi​ne-​sg-8-​0-​167-​dd.​html Accessed 4 Mar 
2025.

Song, L., Han, J., Li, N., Huang, Y., Hao, M., Dai, M., & Chen, W.-Q. 
(2021). China material stocks and flows account for 1978–2018. 
Scientific Data, 8(1), Article 303.

Sopha, B. M., Setiowati, S., & Ma’mun, S. (2016). Environmental 
assessment of motorcycle using a life-cycle perspective. Indo-
nesian Journal of Life Cycle Assessment and Sustainability, 1(1), 
22–28.

Soteropoulos, A., Berger, M., & Ciari, F. (2019). Impacts of auto-
mated vehicles on travel behaviour and land use: An international 
review of modelling studies. Transport Reviews, 39(1), 29–49.

Spielmann, M., Bauer, C., Dones, R., & Tuchschmid, M. (2007). 
Transport services: Ecoinvent report no. 14. Swiss Centre for 
Life Cycle Inventories, 3(5), 202–207.

Streeck, J., Baumgart, A., Haberl, H., Krausmann, F., Cai, B., Fishman, 
T., & Wiedenhofer, D. (2025). Quantifying material stocks in 
long-lived products: Challenges and improvements for informing 
sustainable resource use strategies. Resources, Conservation and 
Recycling, 221, Article 108324.

Streeck, J., Veléz-Henao, J. A., Kikstra, J. S., Pachauri, S., Min, J., 
Krausmann, F., Haberl, H., Pauliuk, S., Zaini, T., & Wiedenhofer, 
D. (2025b). Small increases in material stocks to achieve decent 
living standards globally. Nature Sustainability. https://​doi.​org/​
10.​1038/​s41893-​025-​01670-1

Sullivan, J., Kelly, J., Elgowainy, A. (2015). Vehicle materials: Mate-
rial composition of powertrain systems. Argonne National 
Laboratory.

Sullivan, J. L., Burnham, A., & Wang, M. Q. (2013). Model for the 
part manufacturing and vehicle assembly component of the vehi-
cle life cycle inventory. Journal of Industrial Ecology, 17(1), 
143–153.

Sun, N., Wang, P., Jian, X., Hao, M., Yan, X., & Chen, W.-Q. (2022). 
Material flow analysis of plastics from provincial household 
appliances in China: 1978–2016. Waste Management, 153, 
156–166.

https://ieeexplore.ieee.org/abstract/document/7951347
https://ieeexplore.ieee.org/abstract/document/7951347
https://doi.org/10.4324/9780429346323
https://entranze.enerdata.net/
https://entranze.enerdata.net/
https://circabc.europa.eu/ui/group/636f928d-2669-41d3-83db-093e90ca93a2/library/445df968-aa18-46f9-9e88-85fec5c5bb6a/details?download=true
https://circabc.europa.eu/ui/group/636f928d-2669-41d3-83db-093e90ca93a2/library/445df968-aa18-46f9-9e88-85fec5c5bb6a/details?download=true
https://circabc.europa.eu/ui/group/636f928d-2669-41d3-83db-093e90ca93a2/library/445df968-aa18-46f9-9e88-85fec5c5bb6a/details?download=true
https://circabc.europa.eu/ui/group/636f928d-2669-41d3-83db-093e90ca93a2/library/445df968-aa18-46f9-9e88-85fec5c5bb6a/details?download=true
https://www.siemensgamesa.com/global/en/home/products-and-services/offshore/wind-turbine-sg-8-0-167-dd.html
https://www.siemensgamesa.com/global/en/home/products-and-services/offshore/wind-turbine-sg-8-0-167-dd.html
https://www.siemensgamesa.com/global/en/home/products-and-services/offshore/wind-turbine-sg-8-0-167-dd.html
https://doi.org/10.1038/s41893-025-01670-1
https://doi.org/10.1038/s41893-025-01670-1


	 Journal of Industrial Ecology

Susanto, D., Ilmiani, A.N. (2018). Flexible furniture: A design strategy 
for multiuse yet limited space in the urban Kampung. In 2018 
2nd International Conference on Smart Grid and Smart Cities 
(ICSGSC), pp 26–31.

Svenson, K. (2014). Estimated lifetimes of road pavements in Sweden 
using time-to-event analysis. Journal of Transportation Engi-
neering, 140(11), Article 04014056.

Tang, B.-J., Li, X.-Y., Yu, B., & Wei, Y.-M. (2019). Sustainable devel-
opment pathway for intercity passenger transport: A case study 
of China. Applied Energy, 254, Article 113632.

Taptich, M. N., Horvath, A., & Chester, M. V. (2016). Worldwide 
greenhouse gas reduction potentials in transportation by 2050. 
Journal of Industrial Ecology, 20(2), 329–340.

Tokimatsu, K., Höök, M., McLellan, B., Wachtmeister, H., Murakami, 
S., Yasuoka, R., & Nishio, M. (2018). Energy modeling approach 
to the global energy-mineral nexus: Exploring metal require-
ments and the well-below 2 °C target with 100 percent renewable 
energy. Applied Energy, 225, 1158–1175.

Tong, F., Jaramillo, P., & Azevedo, I. M. L. (2015). Comparison of life 
cycle greenhouse gases from natural gas pathways for medium 
and heavy-duty vehicles. Environmental Science & Technology, 
49(12), 7123–7133.

Tserng, H.-P., Chou, C.-M., & Chang, Y.-T. (2021). The key strate-
gies to implement circular economy in building projects—A case 
study of Taiwan. Sustainability, 13(2), Article 754.

Turconi, R., Simonsen, C. G., Byriel, I. P., & Astrup, T. (2014). Life 
cycle assessment of the Danish electricity distribution network. 
The International Journal of Life Cycle Assessment, 19(1), 
100–108.

UIC. (2023). Railway statistics synopsis—Edition 2023. November 24. 
https://​uic-​stats.​uic.​org/​resou​rces/​help_​resou​rce/?​id=8 Accessed 
November 24, 2023.

United Nations Environment Programme. (2024). Global resources 
outlook 2024: Bend the trend—Pathways to a liveable planet as 
resource use spikes. Nairobi. https://​wedocs.​unep.​org/​handle/​20.​
500.​11822/​44901

Valero, A., Valero, A., Calvo, G., & Ortego, A. (2018). Material bot-
tlenecks in the future development of green technologies. Renew-
able and Sustainable Energy Reviews, 93, 178–200.

van Beijnum, B. (2021). The cost of comfort: Waking up to furniture 
waste. Researching material use in European household furni-
ture using dynamic stock analysis. http://​resol​ver.​tudel​ft.​nl/​uuid:​
28d63​4e1-​c1f7-​4ea9-​906d-​b60d6​235d1​ee

Van Engelenburg, M., Deetman, S., Fishman, T., Behrens, P., & Van 
Der Voet, E. (2024). TRIPI: A global dataset and codebase of the 
total resources in physical infrastructure encompassing road, rail, 
and parking. Data in Brief, 54, Article 110387.

Van Oorschot, J., Sprecher, B., Roelofs, B., Van Der Horst, J., & Van 
Der Voet, E. (2022). Towards a low-carbon and circular econ-
omy: Scenarios for metal stocks and flows in the Dutch electric-
ity system. Resources, Conservation and Recycling, 178, Article 
106105.

van Oorschot, J., Sprecher, B., Rijken, B., Witteveen, P., Blok, M., 
Schouten, N., & van der Voet, E. (2023). Toward a low-carbon 
and circular building sector: Building strategies and urbaniza-
tion pathways for the Netherlands. Journal of Industrial Ecology, 
27(2), 535–547.

van Oorschot, J., & van der Voet, E. (2023). Scenario’s voor materiaal-
voorraden en stromen in gebouwen: Update recycling, aanvull-
ing milieu-impact & uitbreiding naar verbouwwerkzaamheden. 
Planbureau voor de Leefomgeving.

Van Vuuren, D.P. (2007). Energy systems and climate policy. Long-
term scenarios for an uncertain future. Netherlands: University 
of Utrecht, Utrecht (Netherlands), June 5.

Vélez-Henao, J. A., & Pauliuk, S. (2025). Pathways to a net zero 
building sector in Colombia: Insights from a circular economy 

perspective. Resources, Conservation and Recycling, 212, Arti-
cle 107971.

Vidal, O., Goffé, B., & Arndt, N. (2013). Metals for a low-carbon 
society. Nature Geoscience, 6(11), 894–896.

Virág, D., Wiedenhofer, D., Haas, W., Haberl, H., Kalt, G., & Kraus-
mann, F. (2022). The stock-flow-service nexus of personal mobil-
ity in an urban context: Vienna, Austria. Environmental Develop-
ment, 41, Article 100628.

Virtuani, A., Caccivio, M., Annigoni, E., Friesen, G., Chianese, D., 
Ballif, C., & Sample, T. (2019). 35 years of photovoltaics: Analy-
sis of the TISO-10-kW solar plant, lessons learnt in safety and 
performance—Part 1. Progress in Photovoltaics, 27(4), 328–339.

Volvo (2025). Environmental declarations and carbon footprint reports. 
https://​www.​volvo​ce.​com/​global/​en/​produ​cts-​and-​servi​ces/​envir​
onmen​tal-​decla​ratio​ns/ Accessed 3 Apr 2025.

Walsh, C., Jakeman, P., Moles, R., & O’Regan, B. (2008). A com-
parison of carbon dioxide emissions associated with motorised 
transport modes and cycling in Ireland. Transportation Research 
Part D, 13(6), 392–399.

Wang, F., Huisman, J., Stevels, A., & Baldé, C. P. (2013). Enhancing 
e-waste estimates: Improving data quality by multivariate input-
output analysis. Waste Management, 33(11), 2397–2407.

Wang, J., & Graedel, T. E. (2010). Aluminum in-use stocks in China: 
A bottom-up study. Journal of Material Cycles and Waste Man-
agement, 12(1), 66–82.

Wang, M., Elgowainy, A., Lee, U., Baek, K. H., Balchandani, S., Bena-
vides, P. T., Burnham, A., Cai, H., Chen, P., Gan, Y. (2023a). 
Summary of expansions and updates in R&D GREET® 2023. 
Argonne National Laboratory (ANL), Argonne, IL (United 
States).

Wang, R., Hertwich, E. G., Fishman, T., Deetman, S., Behrens, P., 
Chen, W., & ... & Zimmerman, J. B. (2023). The legacy envi-
ronmental footprints of manufactured capital. Proceedings of the 
National Academy of Sciences, 120(24), Article e2218828120.

Wang, S., Hausfather, Z., Davis, S., Lloyd, J., Olson, E. B., Lieber-
mann, L., Núñez-Mujica, G. D., & McBride, J. (2023c). Future 
demand for electricity generation materials under different cli-
mate mitigation scenarios. Joule, 7(2), 309–332.

Wang, T., Müller, D. B., & Hashimoto, S. (2015). The ferrous find: 
Counting iron and steel stocks in China’s economy. Journal of 
Industrial Ecology, 19(5), 877–889.

Wasserbaur, R., Sakao, T., Ljunggren Söderman, M., Plepys, A., & 
Dalhammar, C. (2020). What if everyone becomes a sharer? A 
quantification of the environmental impact of access-based con-
sumption for household laundry activities. Resources, Conserva-
tion and Recycling, 158, Article 104780.

Weinert, J., Ogden, J., Sperling, D., & Burke, A. (2008). The future 
of electric two-wheelers and electric vehicles in China. Energy 
Policy, 36(7), 2544–2555.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., & 
Weidema, B. (2016a). The ecoinvent database version 3 (Part I): 
Overview and methodology. The International Journal of Life 
Cycle Assessment, 21, 1218–1230.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., & 
Weidema, B. (2016b). The ecoinvent database version 3 (Part I): 
Overview and methodology. The International Journal of Life 
Cycle Assessment, 21(9), 1218–1230.

Whiting, K., Konstantakos, L., Carrasco, A., & Carmona, L. (2018). 
Sustainable development, wellbeing and material consumption: 
A Stoic perspective. Sustainability, 10(2), 474.

Wiedenhofer, D., Baumgart, A., Matej, S., Virág, D., Kalt, G., Lanau, 
M., Tingley, D. D., & Haberl, H. (2024). Mapping and modelling 
global mobility infrastructure stocks, material flows and their 
embodied greenhouse gas emissions. Journal of Cleaner Produc-
tion, 434, Article 139742.

https://uic-stats.uic.org/resources/help_resource/?id=8
https://wedocs.unep.org/handle/20.500.11822/44901
https://wedocs.unep.org/handle/20.500.11822/44901
http://resolver.tudelft.nl/uuid:28d634e1-c1f7-4ea9-906d-b60d6235d1ee
http://resolver.tudelft.nl/uuid:28d634e1-c1f7-4ea9-906d-b60d6235d1ee
https://www.volvoce.com/global/en/products-and-services/environmental-declarations/
https://www.volvoce.com/global/en/products-and-services/environmental-declarations/


Journal of Industrial Ecology	

Wiedenhofer, D., Steinberger, J. K., Eisenmenger, N., & Haas, W. 
(2015). Maintenance and expansion: Modeling material stocks 
and flows for residential buildings and transportation networks in 
the EU25. Journal of Industrial Ecology, 19(4), 538–551.

Wiedenhofer, D., Streeck, J., Wieland, H., Grammer, B., Baumgart, 
A., Plank, B., Helbig, C., Pauliuk, S., Haberl, H., Krausmann, 
F. (2024b). From extraction to end-uses and waste management: 
Modelling economy-wide material cycles and stock dynamics 
around the world. SSRN Electronic Journal. https://​www.​ssrn.​
com/​abstr​act=​47946​11 Accessed May 6, 2024.

Wiedenhofer, D., Virág, D., Kalt, G., Plank, B., Streeck, J., Pichler, M., 
Mayer, A., & Creutzig, F. (2020). A systematic review of the evi-
dence on decoupling of GDP, resource use and GHG emissions, 
part I: Bibliometric and conceptual mapping. Environmental 
Research Letters, 15(6), Article 063002.

Wiedenhofer, D., Wieland, H., Leipold, S., Aoki-Suzuki, C., Watari, 
T., Aguilar-Hernandez, G. A., Graf, S., & Streeck, J. (2025). The 
circular economy and climate change: The state of national and 
global evidence on mitigation potential. Annual Review of Envi-
ronment and Resources. https://​doi.​org/​10.​1146/​annur​ev-​envir​
on-​111523-​102441

Wiprächtiger, M., Haupt, M., Froemelt, A., Klotz, M., Beretta, C., 
Osterwalder, D., Burg, V., & Hellweg, S. (2023). Combining 
industrial ecology tools to assess potential greenhouse gas reduc-
tions of a circular economy: Method development and appli-
cation to Switzerland. Journal of Industrial Ecology, 27(1), 
254–271.

Wiprächtiger, M., Rapp, M., Hellweg, S., Shinde, R., & Haupt, M. 
(2022). Turning trash into treasure: An approach to the envi-
ronmental assessment of waste prevention and its application 
to clothing and furniture in Switzerland. Journal of Industrial 
Ecology, 26(4), 1389–1405.

Wiser, R.H., Bolinger, M. (2019). Benchmarking anticipated wind pro-
ject lifetimes: Results from a survey of U.S. wind industry profes-
sionals. In E-Scholarship Repository. Berkeley, CA. https://​doi.​
org/​10.​2172/​15640​78

World Bank. (2024). Africa development indicators. https://​datab​ank.​
world​bank.​org/​source/​africa-​devel​opment-​indic​ators/​Series/​IS.​
ROD.​TOTL.​KM#

Wuyts, W., Miatto, A., Sedlitzky, R., & Tanikawa, H. (2019). Extend-
ing or ending the life of residential buildings in Japan: A social 
circular economy approach to the problem of short-lived con-
structions. Journal of Cleaner Production, 231, 660–670.

Yaxin, Xiao, & 肖雅心 and 杨建新 Yang Jianxin,. (2016). Life cycle 
carbon footprint of residential buildings in Beijing. Acta Eco-
logica Sinica. https://​doi.​org/​10.​5846/​stxb2​01504​070695

Yeow, L. W., Yan, Y., & Cheah, L. (2022). Life cycle greenhouse gas 
emissions of alternative fuels and powertrains for medium-duty 
trucks: A Singapore case study. Transportation Research Part 
D, 105, Article 103258.

Yepes-Estrada, C., Calderon, A., Costa, C., Crowley, H., Dabbeek, J., 
Hoyos, M. C., Martins, L., Paul, N., Rao, A., & Silva, V. (2023). 
Global building exposure model for earthquake risk assessment. 
Earthquake Spectra, 39(4), 2212–2235.

Yerushalmi, E., & Saha, K. (2025). How circular economy innova-
tion can backfire on the environment: Quantifying the rebound 
effect of the textiles and clothing sector. Business Strategy and 
the Environment, 34(8), 10495–10512.

You, F., Hu, D., Zhang, H., Guo, Z., Zhao, Y., Wang, B., & Yuan, Y. 
(2011). Carbon emissions in the life cycle of urban building sys-
tem in China—A case study of residential buildings. Ecological 
Complexity, 8(2), 201–212.

Yue, Y., Wang, T., Liang, S., Yang, J., Hou, P., Qu, S., Zhou, J., Jia, X., 
Wang, H., & Xu, M. (2015). Life cycle assessment of high speed 
rail in China. Transportation Research Part D, 41, 367–376.

Zeng, X., Ali, S. H., Tian, J., & Li, J. (2020). Mapping anthropogenic 
mineral generation in China and its implications for a circular 
economy. Nature Communications, 11(1), Article 1544.

Zenith, F., Isaac, R., Hoffrichter, A., Thomassen, M. S., & Møller-
Holst, S. (2020). Techno-economic analysis of freight railway 
electrification by overhead line, hydrogen and batteries: Case 
studies in Norway and USA. Proceedings of the Institution of 
Mechanical Engineers, Part F, 234(7), 791–802.

Zhang, L., Yang, J., Cai, Z., & Yuan, Z. (2015). Understanding the 
spatial and temporal patterns of copper in-use stocks in China. 
Environmental Science & Technology, 49(11), 6430–6437.

Zhang, W., Li, J., Xu, L., Ouyang, M., Liu, Y., Han, Q., & Li, K. 
(2016). Comparison study on life-cycle costs of different trams 
powered by fuel cell systems and others. International Journal 
of Hydrogen Energy, 41(38), 16577–16591.

Zhang, X., Gockenbach, E., Wasserberg, V., & Borsi, H. (2007). Esti-
mation of the lifetime of the electrical components in distribu-
tion networks. IEEE Transactions on Power Delivery, 22(1), 
515–522.

Zhong, X., Hu, M., Deetman, S., Steubing, B., Lin, H. X., Hernan-
dez, G. A., Harpprecht, C., Zhang, C., Tukker, A., & Behrens, 
P. (2021). Global greenhouse gas emissions from residential and 
commercial building materials and mitigation strategies to 2060. 
Nature Communications, 12(1), Article 6126.

Zhou, B., Wu, Y., Zhou, B., Wang, R., Ke, W., Zhang, S., & Hao, J. 
(2016). Real-world performance of battery electric buses and 
their life-cycle benefits with respect to energy consumption and 
carbon dioxide emissions. Energy, 96, 603–613.

Zhu, Z., & Lu, C. (2023). Life cycle assessment of shared electric 
bicycle on greenhouse gas emissions in China. Science of the 
Total Environment, 860, Article 160546.

Ziegler, L., Gonzalez, E., Rubert, T., Smolka, U., & Melero, J. J. 
(2018). Lifetime extension of onshore wind turbines: A review 
covering Germany, Spain, Denmark, and the UK. Renewable and 
Sustainable Energy Reviews, 82, 1261–1271.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.ssrn.com/abstract=4794611
https://www.ssrn.com/abstract=4794611
https://doi.org/10.1146/annurev-environ-111523-102441
https://doi.org/10.1146/annurev-environ-111523-102441
https://doi.org/10.2172/1564078
https://doi.org/10.2172/1564078
https://databank.worldbank.org/source/africa-development-indicators/Series/IS.ROD.TOTL.KM#
https://databank.worldbank.org/source/africa-development-indicators/Series/IS.ROD.TOTL.KM#
https://databank.worldbank.org/source/africa-development-indicators/Series/IS.ROD.TOTL.KM#
https://doi.org/10.5846/stxb201504070695

	Material circularity strategies in the stock-flow-service nexus of buildings, transport, electricity, machinery, furniture, and appliances
	Abstract
	1 Introduction
	2 Methods and data
	2.1 Identification of the services and their translation into in-use products and materials stocks and flows
	2.2 System definition and data
	2.2.1 System definition
	2.2.2 Data collection

	2.3 Review and linking circularity strategies to the SFS nexus
	2.3.1 Narrow the loop
	2.3.2 Slow the loop
	2.3.3 Close the loop
	2.3.4 Combined strategies


	3 Results
	3.1 Review of the knowledge on service provisioning, lifetimes of products, and in-use stocks
	3.2 Quantification of materials stocks & flows
	3.3 Circular measures and resource reduction potential
	3.3.1 Narrowing the loop
	3.3.2 Slowing the loop
	3.3.3 Closing the loop
	3.3.4 Global average circular potential


	4 Discussion
	4.1 Data availability and uncertainty
	4.2 Discussion of the outcomes
	4.3 Implications and future research

	5 Conclusions
	Acknowledgements 
	References


