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Abstract 9 

Electronics require a complex composition and energy-intensive manufacturing. Yet, most of the 10 

ZRUOG¶V�ZDVWH�HOHFWULFDO�DQG�HOHFWURQLF�HTXLSPHQW�LV�QRW�FROOHFWHG�DQG�UHF\FOHG��Circular economy 11 

(CE) strategies can reduce the loss of materials and environmental footprint in electronics. 12 

Resource efficiency indicators ± typically defined as benefits (handprint) over burdens (footprint) 13 

± can measure PDWHULDOV¶�OLIH�F\FOH�SHUIRUPDQFe. This paper aims to develop resource efficiency 14 

indicators that show the benefits and burdens of materials use. We illustrated the indicators with 15 

a case study of four materials (aluminium, copper, iron, and plastics) embedded in laptops. The 16 

study includes scenarios with different CE strategies: energy recovery, recycling, refurbishing, 17 

and reuse. The scenarios show the use of the materials in several cycles of laptops over a 25-18 

year time horizon.  19 

Generally, scenarios with cycles of refurbishment and reuse showed improved resource efficiency 20 

compared to recycling scenarios. Compared to energy recovery the improvement was up to 189% 21 

(refurbishment) and 157% (reuse) in the case of aluminium. Nonetheless, it is remarkable that 22 

the average resource efficiency results showed a preference for refurbishing over reuse during 23 

25 years. The result is limited to a shorter functional in-use time of reused laptops. This analysis 24 

is relevant for a CE, where the value of materials should be kept for as long as possible. Our 25 

methodology expands the traditional one-cycle perspective by measuring the use of materials for 26 

25 years. Policy-makers can use our indicators to assess CE strategies for several product cycles 27 

that keep materials in use lowering environmental impacts. 28 

Keywords: circular economy, indicator, resource efficiency, life cycle thinking, raw material, 29 

WEEE 30 
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1. Introduction 33 

The world population and its affluence is continuously growing, generating increased 34 

environmental impacts. Globally, the total material footprint per capita increased from 8.7 t in 2000 35 

to 12.2 t in 2017 (Ritchie et al., 2018). By 2050, three planets could be needed to provide 36 

resources for our current lifestyle (UNEP, 2019). In this sense, the circular economy (CE) concept 37 

can profoundly influence how we manage resources. In a CE, µWKH�value of products, materials, 38 

and resources is maintained in the economy for as long as possible, and the generation of waste 39 

minimised¶ (EC, 2015). In the European Union, the recent New CE Action Plan intends to achieve 40 

carbon neutrality and more efficiency in resources management (EC, 2020). It is evident within 41 

the definition above that CE management strategies of materials and products over time can be 42 

an asset in reducing environmental impacts.  43 

Electric and electronic equipment (EEE) are critical products in the New CE Action Plan and 44 

worldwide. It is staggering that only about 17% of the ZRUOG¶V�waste electrical and electronic 45 

equipment (WEEE) generated in 2019 was properly collected and recycled (Baldé et al., 2020). 46 

Moreover, modern EEE are composed of complex components made with various energy-47 

intensive extraction and processing steps (Althaf et al., 2019); hence, the loss of resources is 48 

even more alarming. Frequently, the potential recovery of materials is linked with their quantities 49 

in such products; smaller quantities are less likely to be recycled (Graedel and Reck, 2014). With 50 

technology miniaturisation and dematerialisation to provide similar or better functionality 51 

(Kasulaitis et al., 2015), EEE complexity tends to increase, which complicates even more the 52 
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recycling of materials. On the other hand, CE strategies at the level of components and products 53 

can extend the lifetime of EEE, postponing the need for recycling. Often, CE strategies are 54 

evaluated at the level of products ± reuse, remanufacture, or refurbish (e.g. André et al., 2019; 55 

Boldoczki et al., 2020; Tecchio et al., 2016) ± or at the level of materials ± recycling, or 56 

downcycling (e.g. Van Eygen et al., 2016; Wäger and Hischier, 2015). However, from the CE 57 

definition above, one should assess these strategies simultaneously considering materials 58 

functionality over time (several cycles) and their environmental benefit and burden. 59 

A possible way to measure the progress towards a CE is using indicators. However, the CE is a 60 

debated concept with many definitions (Kirchherr et al., 2017), and despite the lack of agreement 61 

about CE, many indicators were proposed in a variety of scopes (Moraga et al., 2019). This variety 62 

can cause governments or companies to cherry-pick results that are suitable with a specific 63 

circularity message (Pauliuk, 2018). Moreover, as pointed out by several authors, CE does not 64 

necessarily show connections with sustainability (Geissdoerfer et al., 2017; Kirchherr et al., 2017; 65 

Kovacic et al., 2019). Hence, a key issue with the CE is the measurement of progress in 66 

consonance with sustainability and particularity with decreased environmental impacts. Hertwich 67 

et al. (2019) estimated that the absolute emissions related to the global material production were 68 

about 11 Gt CO2-HT�LQ�������,I�ZH�DUH�WR�PHHW�WKH�3DULV�$JUHHPHQW¶V�JRDO�RI������&�WHPSHUDWXUH�69 

LQFUHDVH�� UHVRXUFH� HIILFLHQF\� RI� PDWHULDOV� ZLOO� EH� FULWLFDO� FRQVLGHULQJ� WKH� ZRUOG¶V� JURZLQJ�70 

population (UNEP/IRP, 2020). Indeed, CE indicators can be related to resource efficiency. 71 

1.1. Resource efficiency indicators for a circular economy 72 

Resource efficiency is a term that means achieving more benefits with fewer negative 73 

consequences. The International Resource Panel (UNEP/IRP, 2017) defines resource efficiency 74 

DV�µDFKLHYLQJ�KLJKHU�RXWSXWV�ZLWK�ORZHU�LQSXWV�DQG�FDQ�EH�UHIOHFWHG�E\�LQGLFDWRUV�VXFK�DV�UHVRXUFH�75 

pURGXFWLYLW\��LQFOXGLQJ�*'3�UHVRXUFH�FRQVXPSWLRQ��¶ 76 

Huysman et al. (2015) ponder that the several different types of resource efficiency indicators can 77 

be expressed by Eq. (1) or Eq. (2), where resource efficiency with LCA is defined as a ratio of 78 

benefits divided by environmental impacts based on resource or emissions flows. 79 

�ͳݕ݂݂ܿ݊݁݅ܿ݅ܧ ൌ ௕௘௡௘௙௜௧௦
௜௡௩௘௡௧௢௥௜௘ௗ�௙௟௢௪௦

 (1) 80 

ʹ�ݕ݂݂ܿ݊݁݅ܿ݅ܧ ൌ ௕௘௡௘௙௜௧௦
௘௡௩௜௥௢௡௠௘௡௧௔௟�௜௠௣௔௖௧௦

 (2) 81 
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The nominator benefits is a useful output from the production system (e.g. GDP). The 82 

denominator inventoried flows is, for example, natural resources, industrial resources, wastes, or 83 

emissions. The other denominator, environmental impacts, measures the environmental effects 84 

caused by the inventoried flows. Eq. (1) originated from thermodynamics in engineering. The 85 

original thermal efficiency equation is the dimensionless ratio of the net work delivered over the 86 

net heat absorbed by a Carnot engine. As the nominator is always lower than the denominator, 87 

the thermal efficiency always predicates a theoretical maximum bound (Heijungs, 2007). 88 

However, such a bound is not always present in resource efficiency indicators (e.g. Efficiency 2 89 

indicators). Eq. (2) can also be defined as eco-efficiency ± or a ratio between intended benefits 90 

and generated environmental impacts. An example of an eco-efficiency indicator is GDP/climate 91 

change potential (Huysman et al., 2015).  92 

The denominator in Eq. (2) can be assessed using dedicated tools for the calculation of potential 93 

environmental impacts (footprint), such as Life Cycle Assessment (LCA). Moreover, the nominator 94 

benefits in both equations can embrace a multitude of uses. In the original definition of eco-95 

efficiency, benefit is the value of production, which often refers to economic value (Huppes and 96 

Ishikawa, 2007). In the resource efficiency realm, benefits were used, for example, as monetary 97 

value, created environmental benefit, the output of energy or exergy, and economic and social 98 

welfare (Huysman et al., 2015). More recently, on the quantification of (environmental) benefits, 99 

the handprint concept can be promising but not so easily captured with LCA (Alvarenga et al., 100 

2020). In another perspective, the benefit of keeping materials useful (in the loop), minimising 101 

losses, could be done with the concept of in-use occupation (Moraga et al., 2021). 102 

In-use occupation is the functional use of materials. This concept opposes to non-beneficial 103 

human actions with the use of materials, such as hibernation and dissipation to the environment 104 

or technosphere (Dewulf et al., 2021). With increased in-use occupation, the environment can 105 

benefit from less anthropogenic pressures to extract new materials. The concept could serve as 106 

a proxy of the societal benefit (handprint) of having materials in use over time. Hence, in-use 107 

occupation indicators could be used in Eq. (1) and (2) as a proxy for benefit. 108 

In this sense, the development of CE indicators based on in-use occupation is of particular 109 

interest. The in-use occupation concept includes several aspects needed for the assessment of 110 

a CE. At least two aspects deserve attention in a CE that slows down and closes resources loops 111 

± quantity and quality (Moraga et al., 2019). With this reasoning, Moraga et al. (2021) expanded 112 

the rationale behind the in-use occupation of materials ± as a measure of the initial use of primary 113 

raw materials (quantity) dedicated to an application in use for an amount of time (quality) ± to 114 
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develop a pair of indicators. One indicator, the in-use occupation ratio, shows the performance of 115 

the occupation of materials considering a 25-year time horizon; the other indicator, final retention 116 

in society, shows how much material can still be recovered at the end of this time horizon. These 117 

indicators measure the beneficial use of materials, factoring in the utilisation within a 25-year time 118 

horizon and the potential for utilisation beyond this time horizon, considering different CE 119 

strategies. However, these indicators miss the connection with environmental sustainability 120 

impacts. Thus, the measure of the environmental footprint with the use of materials could be used 121 

to develop resource efficiency indicators that assess different CE strategies. 122 

Therefore, although the measure of the in-use occupation of materials is a valid indication of the 123 

useful retention of the materials in society, this occupation comes with a footprint in an 124 

environmental, economic, and social sense; we focused on the first. Hence, this paper aims to 125 

measure the environmental footprint of strategies that can prolong the in-use occupation of 126 

materials and propose resource efficiency indicators based on this measure. We will consider 127 

global warming emissions and cumulative resource use as proxies of the environmental pillar of 128 

sustainability. We illustrate the analysis with a case study of four materials embedded in laptops. 129 

2. Methodology of the indicators  130 

2.1. Indicators of the in-use occupation of materials 131 

We distinguish three phases with the use of materials: supply, in-use, and hibernation. The supply 132 

phase is where the materials are being processed and manufactured in the economy. The 133 

materials are effectively used in the in-use phase. In the hibernation phase, materials are neither 134 

being used or being processed. The equation to calculate the in-use occupation of materials and 135 

the two derived indicators are modified from Moraga et al. (2021) in Eq. (3), (4), and (5), 136 

respectively. Eq. (3) measures the in-use occupation of a material group in product cycle j (OccU,j), 137 

that is, the mass of the material (minus dissipation) in the in-use occupation phase, in which 138 

products, embedding the materials, are effectively used. This equation considers the materials in 139 

a time horizon (TH) of 25 years. This TH is one of the temporal scopes proposed by the SUPRIM 140 

project (Sustainable Management of Primary Raw Materials) (Schulze et al., 2020), which was 141 

stated to be appropriate to encompass the use of materials within a similar technological 142 

boundary. The SUPRIM project analysed and proposed methodologies in search of cohesion for 143 

the assessment of abiotic resources. We use a TH of 25 years as an appropriate measure of one 144 

generation with less uncertainty regarding future technological development. Eq. (3) shows a set 145 
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of formulae for three cases: when the occupation starts and ends before the TH; when it starts 146 

before but ends after the TH; and when it starts after the TH, which is not assessed. 147 

ܱܿܿ௎ǡ௝ ൌ ൞
൫�୙ǡ୨ െ �୙ǡ୨ ʹΤ ൯ ή ο�୙ǡ୨������������������������൛�୙ǡ୨ǡ �ୌǡ୨ൟ ൑ ��
൫�୙ǡ୨ െ �୙ǡ୨ ʹΤ ൯ ή ൫�� െ �୙ǡ୨൯�����������୙ǡ୨ ൏ ��������ୌǡ୨ ൐ ��
������������������������������������������������������୙ǡ୨ ൐ ��

 (3) 148 

where: 149 

OccU,j : In-use occupation of a material in product cycle j [kg × year] 150 

mU,j : mass of a material in the in-use phase of product cycle j [kg], that is, material embedded 151 

in a consumer product 152 

lU,j : mass loss of a material during the in-use phase of product cycle j [kg] 153 

ǻWU,j : in-use time of a product cycle j [year], that is, the time products are used not considering 154 

a possible hibernation phase 155 

tU,j : time occurrence at the start of the in-use phase of a product cycle j [years] 156 

tH,j : time occurrence at the start of the hibernation phase of a product cycle j [years] 157 

TH : time horizon of 25 years 158 

Eq. (2) shows the in-use occupation ratio (UOR), which is a performance measure of the 159 

occupation considering material losses and hibernation for products within the TH. Eq. (3) is the 160 

final retention in society (FRS) and shows the percentage of material still possible to recover after 161 

the TH (i.e. material not dissipated at or before the year 25). Following Moraga et al. (2021), we 162 

limit this article¶s scope by including hibernation only as of the hoarding of products; hence, other 163 

hibernation types (e.g. tailing, landfill, or abandoned infrastructure) are not assessed. 164 

ܷܱܴ௎ ൌ
σ ܱܿܿ௎ǡ௝௡
௝ୀଵ

ܱܿܿ௎௠௔௫
൘ ή ͳͲͲΨ   (4) 165 

where (symbols not previously introduced): 166 

UORU : in-use occupation ratio of a material [%] 167 

OccUmax : theoretical maximum in-use occupation of a material, which is the amount of 168 

material assessed without dissipation and hibernation [kg × year] 169 

௎ܴܵܨ ൌ ݉௎ǡ்ு ݉ௌǡଵൗ ή ͳͲͲΨ  (5) 170 

where (symbols not previously introduced): 171 
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FRSU : final retention in society of a material [kg %] 172 

mU,TH: mass of a material that is still available at the year 25 (in n product cycle j) [kg] 173 

mS,1: mass of the primary raw material that is firstly used in the 1st product cycle j [kg] before 174 

losses of production or manufacturing 175 

2.2. Resource efficiency indicators of the in-use occupation of materials and final retention 176 

in society 177 

This section proposes resource efficiency indicators that can quantify the handprint and footprint 178 

for a particular in-use occupation and final retention in society. The indicators are based on the 179 

framework of efficiency indicators from Huysman et al. (2015). This paper defines handprint as a 180 

proxy for the benefit of the in-use occupation of materials within the 25-year TH and the final 181 

material retention. In contrast, the footprint is defined as the environmental impact caused by such 182 

in-use occupation. Potential environmental impacts can be assessed through the LCA framework 183 

(ISO, 2006a, 2006b). 184 

LCA is intended for the assessment of products (goods or services) that include, for example, 185 

processed materials (ISO, 2006a). However, we assess materials that demand further processing 186 

before being used in final products, which usually include several materials, during the TH. Hence, 187 

Eq. (4) defines the environmental impacts of materials focusing on evaluating 1 kg of material 188 

used in j products cycles during the TH. This equation considers a physical (mass) allocation 189 

factor to partition impacts related to the whole product (e.g. manufacturing) among the different 190 

materials. As we assess the employment of materials, the equation does not account for the 191 

environmental impacts of using products (e.g. electricity consumption during use). 192 

݌ݐܨ ൌ ௎ܸ ൅ ෍ ቆ ௎ܲǡ௝ ൅
௝ܯ ൅ ܴ ௝ܿ ൅ ܴ ௝݂ ൅ ܴ ௝݁ ൅ ௝ݏ݅ܦ

݉௎ǡ௝
כ ௎ǡ௝ܨܣ �െ ௎ǡ௝ቇܸ݁ܣ

݊

݆ ൌ ͳ
െ  ௎ǡ்ு (6)ܸ݉ܣ

where: 193 

Ftp: Footprint associated with the employment of 1 kg of material during the TH [µLPSDFW�XQLW¶�194 

/ kg material used during the TH] ± µLPSDFW�XQLW¶ stands for the unit of a chosen life cycle 195 

impact category (e.g. kg CO2-eq). 196 

VU : environmental impacts of the production of 1 kg of the virgin raw material [µLPSDFW�XQLW¶���197 

kg material] 198 

PU,j : environmental impacts of the primary or secondary processing of the material in the 199 

product cycle j [µLPSDFW�XQLW¶���kg of material in cycle j] 200 
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Mj : environmental impacts of the manufacturing of a product in cycle j [µLPSDFW�XQLW¶���unit of 201 

product] 202 

Rcj : environmental impacts of recycling the materials embedded in the product from cycle j 203 

[µLPSDFW�XQLW¶���unit of product] 204 

Rfj : environmental impacts of refurbishing the product in cycle j [µLPSDFW�XQLW¶���unit of product] 205 

Rej : environmental impacts of reusing the product in cycle j [µLPSDFW�XQLW¶���unit of product] 206 

Disj : environmental impacts of final disposal of the product in cycle j [µLPSDFW�XQLW¶���unit of 207 

product] 208 

mU,j : mass of the material in the product from cycle j [kg / unit of product] 209 

AFU,j : allocation factor to the material regarding the impacts of the product from cycle j [%] ± 210 

in this case, the mass allocation is used following the ISO 14040 preference for a 211 

physical relationship. 212 

AVeU,j : avoided environmental impact of energy production due to energy recovery from the 213 

material in the product cycle j [µLPSDFW�XQLW¶���kg of material in cycle j]. This parameter 214 

can be calculated by selecting a similar energy production pathway. 215 

AVmU,TH : avoided environmental impact of the production of the virgin raw material due to its 216 

secondary recovery after the TH [µLPSDFW�XQLW¶���kg of material at the TH]. This parameter 217 

can be calculated by selecting a similar primary raw material production pathway. 218 

 219 

Based on Eq. (4) for the footprint (Ftp), the resource efficiency indicators of the in-use occupation 220 

and final retention in society can be derived in Eq. (5) and Eq. (6), respectively.  221 

݂ܧ ை݂௖௖ǡ௎ ൌ
σ ܱܿܿ௎ǡ௝௡
௝ୀଵ

൘݌ݐܨ  (7) 

where (symbols not previously introduced): 222 

EffOcc,U : resource efficiency of the in-use occupation of a material [kg × year / µLPSDFW�XQLW¶] 223 

݂ܧ ி݂ோௌǡ௎ ൌ ܴܵܨ
ൗ݌ݐܨ  (8) 

where (symbols not previously introduced): 224 

EffFRS,U : resource efficiency of the final retention in society [% / µLPSDFW�XQLW¶] 225 
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3. Case study: four materials in a laptop 226 

This section consists of four parts. First, the case study with four scenarios is described. 227 

Afterwards, the first three phases of an LCA are described to calculate the environmental footprint. 228 

The LCA phases are goal and scope definition, inventory analysis, and impact assessment (ISO, 229 

2006b, 2006a). The final interpretation phase is covered in the results and discussion sections. 230 

3.1. Description of the case study 231 

The overview of the case study is presented in Figure 1. The case study has four scenarios ± S1, 232 

S2, S3, and S4 ± focusing on materials used in laptops. The considered groups of materials are 233 

aluminium (Al), copper (Cu), iron (Fe), and plastics (PL) WKDW� UHSUHVHQW� ���� RI� WKH� ODSWRSV¶�234 

composition (Figure 2), based on Babbitt et al. (2020) and Van Eygen et al. (2016). A detailed 235 

inventory can be found in the supporting information for dissipation (Tables S1±S6) and time of 236 

supply, in use, and hibernation phases (Tables S7±S8). 237 

In S1 (energy recovery, baseline), laptops are incinerated after one cycle of use, and the energy 238 

is recovered based on the lower heating value (LHV) of the materials. If energy can be recovered 239 

from a certain material, we consider it as avoided energy. The efficiencies of energy production 240 

were retrieved from De Meester et al. (2019). 241 

S2 includes the recycling of ODSWRSV¶�materials. Initially, the laptops are separately collected and 242 

manually dismantled with the separation of scrap fractions. Afterwards, these scrap fractions are 243 

shredded and mechanically separated with magnetic and eddy current separators and others, as 244 

described by Van Eygen et al. (2016). Finally, the mechanically separated scrap fractions are sent 245 

to (secondary) material processing. The share of unrecoverable materials after separation is sent 246 

to incineration. The incineration process in the case of S2±S4 includes energy recovery and 247 

bottom ash recovery. The efficiencies of energy recovery and bottom ash treatment were retrieved 248 

from De Meester et al. (2019). If energy or metals from ash are recovered, we include them as 249 

avoided energy or raw material production, respectively.  250 

S3 encompasses the refurbishing of laptops after the first use. In this case, we consider a share 251 

of laptops (70%) to be refurbished and commercialised as semi-new products, based on André 252 

et al. (2019). This refurbishing process includes sorting, testing, data erasure, and resale with a 253 

one-year warranty; hence, laptops will have a different user. The non-refurbished share (30%) 254 

follows the recycling pathway. In S3, the times for the in-use and hibernation phases of the second 255 

use are the same as for new laptops.  256 
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S4 comprises simple reuse ± a second use of laptops by the same or a different user, but without 257 

a professional preparation for reuse (as in S3). In S4, the times of in-use and hibernation phase 258 

of the second use are shorter than for new products, as reported by Thiébaud et al. (2018). After 259 

one cycle of second use, the laptops follow the recycling pathway. In S4, the only impacts are 260 

related to transportation of the laptops for reuse. 261 

 262 

Figure 1: System boundaries of the four scenarios in analysis considering four materials: aluminium (Al), copper (Cu), 263 
iron (Fe), and plastics (PL). References between brackets: [1] Dissipation of primary/secondary material production 264 
and manufacturing is calculated based on (Cullen and Allwood, 2013) for Al, (Soulier et al., 2018) for Cu, (Cullen et al., 265 
2012) for Fe, and ecoinvent for PL; [2] collection rate of WEEE is based on (Deloitte Consulting & Advisory, 2018); [3] 266 
energy recovery (E-recovery) rate is based on (De Meester et al., 2019); [4] energy recovery and material recovery 267 
from bottom ash (e&m-recovery) rate is based on (De Meester et al., 2019); [5] dissipation from sorting and shredding 268 
is based on (Van Eygen et al., 2016); [6] share of 70% of laptops refurbished is based on (André et al., 2019); we 269 
assumed no dissipation during refurbishment; [7] we assumed the time of supply phase; the time of in-use and 270 
hibernation phase is based on (Thiébaud et al., 2018) 271 
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3.2. Goal and scope definition 272 

The goal is to quantify the environmental impacts from the use of materials defined in Figure 1. 273 

The life cycle impact assessment (LCIA) results will be used in the footprint assessment (Eq. 4) 274 

to provide a specific in-use occupation. The scope is exemplified by the system boundary (Figure 275 

1). In each step of the system boundary, there are dissipative losses associated with each of the 276 

materials. Therefore, we model the system boundary starting with 1 kg of the primary raw material 277 

as input to one of the scenario¶s pathway. The system boundary is time-constrained ± it ends 278 

either when all the material dissipates or when the material reaches the 25-year TH.  279 

The study starts with the acquisition and production of the four primary raw materials. After these 280 

processes, we account for the dissipation of materials and the time for production and 281 

manufacturing, use, and hibernation. Aluminium starts with the production of ingots from virgin 282 

bauxite through electrolysis. Copper starts with the production of casted copper anodes from 283 

copper sulphides. Iron, the scenarios start with the production of pig iron from iron ores and pellets 284 

through blast-furnace smelting. Finally, plastic materials start with the production of naphtha. We 285 

expand the system boundary to include the avoided products used outside the system boundary 286 

(Figure 1), namely, avoided primary material production after year 25 and avoided energy (from 287 

incineration). Avoided materials do not include the materials recovered before the TH as the 288 

system boundary is time-constrained, and this inclusion would breach its boundaries. 289 

In all cases, the functional unit is 1 kg of primary raw material (aluminium, copper, iron, or plastics) 290 

dedicated to the first product application (laptops), and its conservation in similar applications for 291 

the time horizon of 25 years. 292 

3.3. Inventory analysis 293 

We use data adapted from ecoinvent version 3.4 (cut-off model ± openLCA Nexus) for the 294 

processes described in the system boundary. When adapting data, we used various scientific 295 

literature sources to improve the temporal scope quality of the ecoinvent data. Here the most 296 

important inventory information is described, but full inventory tables can be found in the 297 

supporting information for the four scenarios (tables S9±S26). 298 

For laptops manufacturing, we use data of the mass amount of components and materials 299 

measured by Babbitt et al. (2020). These authors generated bills of materials of 16 laptops 300 

through product disassembly. Babbitt et al. (2020) presented the main components and their 301 

material composition but did not specify the composition of printed circuit boards (PCB), flat 302 
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screens, and Li-ion batteries. We complement the material composition information with data from 303 

Van Eygen et al. (2016) for these three components. 304 

 305 

Figure 2: Share of the mass of materials in laptops¶ components. Based on the arithmetic mean values from Babbitt et 306 
al. (2020) and Van Eygen et al. (2016). PCB (printed circuit board); LCD (liquid crystal display) 307 

Furthermore, to better understand the future 25-year effects of using those materials in laptops 308 

computers, we include the uncertainty of the ODSWRSV¶�composition based on disassembly data. As 309 

this data is based on computers produced between 1999 and 2011, and because of the fast 310 

effects of technology change in EEE, we use stochastic modelling with asymmetric triangular 311 

distributions for the mass contribution of ODSWRSV¶�components and their materials. We perform a 312 

Monte Carlo simulation with 1000 interactions in openLCA. For the choice of the number of 313 

interactions, we did a sensitivity analysis varying the interactions by a factor of 10 (i.e., 100 and 314 

10.000). The arithmetic mean varied by 0.008% and 0.004%, respectively; hence, we choose 315 

1000 calculations to save computation time (Table S28). Inventory tables with the distribution of 316 

each parameter are provided in the supporting information (Tables S9±S26). 317 

3.4. Impact assessment 318 

Two midpoint LCIA methods are used for broader coverage of environmental impacts: one based 319 

on resource consumption and another based on emissions. For the first, we select the cumulative 320 

exergy extraction from the natural environment (CEENE) version 2013 as natural resource 321 

footprint (Alvarenga et al., 2013; Dewulf et al., 2007). CEENE assesses resources that are 322 
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withdrawn from the ecosphere by quantifying the cumulative extracted exergy (Dewulf et al., 323 

2007). The method differentiates eight midpoint categories in a single scale (MJex): abiotic 324 

renewable resources, fossil fuels, nuclear energy, metal ores, minerals (and mineral aggregates), 325 

water resources, land resources, and atmospheric resources. This method was recently 326 

recommended by the United Nations Environment 3URJUDP¶V�Life Cycle Initiative to evaluate the 327 

environmental impacts of mineral resource use based on thermodynamics (Berger et al., 2020; 328 

Sonderegger et al., 2020; UNEP/LCI, 2019). As an emissions-based method, we use the method 329 

climate change (CC) ± global warming potential 100a (GWP100 based on IPCC 2013 from 330 

ecoinvent 3.4 LCIA methods compiled by openLCA Nexus) as carbon footprint. This method was 331 

recommended by UNEP/LCI as the midpoint impact category to describe short-term 332 

environmental and human health consequences of climate change (UNEP/LCI, 2016). 333 

4. Results 334 

4.1. In-use occupation and final retention in society 335 

Figure 3 shows the occupation of aluminium, copper, iron, and plastics used in laptops for 336 

scenarios S1, S2, S3, and S4. The coloured line in these charts accounts for the remaining mass 337 

of the initially produced input of primary raw material along the 25-year TH. The supply phases 338 

are brief DQG�KDYH�DOPRVW�QHJOLJLEOH�RFFXSDWLRQ��¨t = 0.1a), but they contribute significantly to the 339 

dissipation of materials. 340 
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 341 

Figure 3: In-use occupation of four materials used in a laptop considering four scenarios. Coloured lines account for 342 
the remaining mass of the initially produced primary raw material input along the TH. Grey areas identify the in-use 343 
occupation phases (kg × yr). The supply (production, manufacturing, and EoL) and hibernation phases are white areas 344 
before and after the in-use, respectively. 345 

In S1 (energy recovery), the overall in-use occupation is the lowest amongst all scenarios as all 346 

materials are dissipated after the first-product cycle in the incineration process. In S2 (recycling), 347 

the in-use occupation is similar to S3 (refurbishment) and S4 (reuse), except for plastics. There 348 

are considerable losses in the mechanical recycling of plastics, which makes the in-use 349 

occupation of this material group smaller than for the other materials when recycled. The share 350 

of PDWHULDOV¶�dissipation in S2 is similar for all cycles, and the absolute dissipation decreases over 351 

time (as less material remains after each cycle). In S3 (refurbishment), most of the dissipation 352 

happens in the recycling process for the non-refurbished share of laptops. In contrast to S2, the 353 

absolute dissipation of materials increases over time, except for plastics. This is because we 354 

considered that 70% of the laptops are refurbished, and in this case, the dissipation increases 355 

each cycle LI� ORVVHV� RI� PDWHULDOV¶� (R/� SURFHVVLQJ� DUH� EHORZ� D� ��±25% threshold (material 356 

dependent). Above this threshold, the 3rd cycle will present the highest absolute dissipation; the 357 
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smallest absolute dissipation will be on the 2nd or 4th cycles, depending on the remaining amount 358 

of material from the previous cycle (in the supporting information (Figure S1±S3) a sensitivity 359 

analysis of the absolute dissipation amount per cycle is provided). Unlike the other scenarios, S4 360 

(reuse) shows five in-use occupation phases within the TH (while the others show four or fewer). 361 

The reuse has shorter times of in-use and hibernation; hence, more product cycles. In S4, most 362 

dissipative losses happen in the supply phase from the 3rd and 5th product cycles, which are 363 

related to recycling of the materials after the reuse of laptops (in the 2nd and 4th cycles). 364 

4.2. Footprint of the in-use occupation of materials 365 

Figure 4 and Figure 5 show the cumulative footprint with the occupation of aluminium, copper, 366 

iron, and plastics used in laptops for four scenarios regarding carbon footprint and natural 367 

resource footprint, respectively. In these graphs, we combined the coloured line ± remaining mass 368 

of the initial input of primary raw material over the 25-year TH ± with a box plot ± footprint of the 369 

in-use occupation in each scenario. Figure 4 and Figure 5 zoom in specific years. Impacts are 370 

shown in box plots along time and refer to the supply phase of each cycle. The box plot¶s error 371 

refers to the uncertainty of mass variation of those materials in ODSWRSV¶�components. The first 372 

zoom-in section in each chart shows two box plots; the left one refers to the upstream primary 373 

production of the raw materials, while the right one concerns the PDWHULDO¶V� downstream 374 

processing up to the manufacturing of the laptops in the 1st cycle. These figures only show the 375 

impacts within the system boundary, but not those from the avoided burdens. 376 
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 377 

Figure 4: Footprint for the in-use occupation of four materials used in a laptop considering four scenarios. Coloured 378 
lines account for the remaining mass of the raw material. Each supply cycle is shown in sections of one year. Box-plot 379 
shows the footprint of each supply phase along time. The dual box-plot group on the left side of each chart shows the 380 
extraction and raw material production for the first and processing and manufacturing for the second. The footprint is 381 
accounted as emissions responsible for CC (climate change ± GWP100 in kg of CO2 equivalent). 382 
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 383 

Figure 5: Footprint for the in-use occupation of four materials used in a laptop considering four scenarios. Coloured 384 
lines account for the remaining mass of the raw material. Each supply cycle is shown in sections of one year. Box-plot 385 
shows the footprint of each supply phase along time. The dual box-plot group on the left side of each chart shows the 386 
extraction and raw material production for the first and processing and manufacturing for the second. The footprint is 387 
accounted as cumulative consumption of resources contributing to Cumulative Exergy Extraction from the Natural 388 
Environment (CEENE, summation of the resource categories in MJex). 389 

The highest impacts of extraction and raw materials production are related to aluminium and 390 

copper. However, since most of the impacts are related to the manufacturing of the laptops (Figure 391 

6), and those impacts are equally allocated based on their mass contribution, the cumulative 392 

impacts will decrease with a higher dissipation. For this reason, the cumulative impacts of S1 are 393 

lower than those from S2±S4. But in the latter scenarios, a share of the materials will be functional 394 

in society until year 25 and available beyond, while in the first, there is a demand for the extraction 395 

of the whole amount of materials initially used. 396 

For both natural resources and carbon footprint, the cumulative impacts in each product cycle 397 

decrease with the decreasing remaining mass in S1 and S2. However, in S3 and S4, the 398 

cumulative impacts oscillate between product cycles. In S3, higher impacts are due to the ODSWRSV¶�399 
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manufacturing in the 1st cycle; in the 2nd cycle, 30% of the laptops are sent to recycling, while 70% 400 

is remanufactured for a second use. In the 3rd cycle of S3, the previously reused laptops are 401 

recycled, and new laptops are remanufactured ± explaining the oscillation of the impacts. 402 

Whereas in S4, the cycles with second-use present the lower impacts among all product cycles 403 

from all scenarios as the reuse only accounts for transportation impacts. 404 

4.3. Resource efficiency indicators for CE strategies 405 

Figure 6 summarises the results for handprint ± UOR and FRS indicators ± and footprint ± CC 406 

and CEENE ± for the four materials and the four scenarios. UOR shows a slight preference for 407 

S3 (refurbishment), followed by S4 (reuse) and S2 (recycling) for the materials aluminium, copper, 408 

and iron. For plastics, there is a slight preference for S3 over S4, but a large preference over S2; 409 

this is because of the higher losses in the mechanical recycling process. A higher UOR means 410 

that materials have higher in-use occupation over 25 years (i.e. materials are embedded in 411 

functional products); hence, materials are more beneficial to society. In contrast, FRS shows a 412 

preference for S4 for all materials except plastics. The FRS for plastics shows a preference for 413 

S3. This is because most of the plastic materials are dissipated in the recycling process, which is 414 

delayed in the refurbishing case. 415 

 416 

Figure 6: Result of indicators (a) in-use occupation ratio (UOR) and (b) final retention in society (FRS). Result of the 417 
cumulative impacts for 1 kg of material initially extracted and used over 25 years in (c) climate change (CC), which 418 
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shows the phases related to the impact, and (d) Cumulative Exergy Extraction from the Natural Environment (CEENE), 419 
which shows the natural resource footprint 420 

The cumulative impacts in CC (Figure 6c) show that the impacts are mostly related to the 421 

manufacture of laptops and components, which are energy-intensive processes, particularly for 422 

PCBs and integrated circuits. This can be complemented by information from the cumulative 423 

impacts in CEENE (Figure 6d) that shows fossil fuels as the source of >50% of the impacts for all 424 

materials in scenarios. The avoided impacts with the materials that are not dissipated before the 425 

TH are negligible for all materials except aluminium, which has a high contribution from impacts 426 

in the primary production. 427 

Figure 7 shows the carbon-emission and natural resource efficiency indicators using CC and 428 

CEENE, respectively. The resource efficiency of the in-use occupation (Figure 7a and 7c) shows 429 

a clear preference for S3 followed by S4 with aluminium, copper, and iron. S3 is, on average, 430 

preferable to S4 for plastics, but considering the uncertainty, S4 can be more efficient than S3 431 

depending on the amount the material used in the laptops. In the case of S1 and S2, although 432 

UOR shows a clear preference for the latter (Figure 6a), its resource efficiency shows similar 433 

results for both scenarios. This is because most of the impacts come from the manufacturing 434 

process. In S2, laptops are manufactured four times, whereas there is only one manufacturing in 435 

S1. The higher differences occur for aluminium, which is caused by the avoided impacts from 436 

virgin aluminium production at the year 25.  437 
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 438 

Figure 7: Result of the resource efficiency indicators of In-use Occupation using emission impacts as (a) climate change 439 
(CC) and use of resources impact as (c) Cumulative Exergy Extracted from the Natural Environment (CEENE). Result 440 
of the resource efficiency indicator of final retention in society as (b) CC and (d) CEENE 441 

While FRS (Figure 6b) gives preference for S4 in the case of aluminium, copper, and iron, there 442 

is a slight preference on average for the resource efficiency of FRS of S3 compared to S4 (Figure 443 

7b and 7d). This is because the higher impacts in S4 ± caused mainly by the energy use in the 444 

manufacturing of new laptops in the 3rd and 5th cycles ± level out the benefits of retaining materials 445 

with the lower impacts of S3. This preference, however, is accentuated in the case of plastics, 446 

confirming the preference of S3 with this material. S2 presented the second-worst efficiency of 447 

FRS due to the higher cumulative impacts for all materials. In S1, the resource efficiency of FRS 448 

is equal to 0% per impact unit for all materials, following the same handprint result as in Figure 449 

6b. 450 

5. Discussion 451 

Assessing material resources in a CE demands proper measurements so that we avoid depletion 452 

or dissipation. In the thermodynamic sense, abiotic materials are not destroyed in their mining 453 
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process. However, they dissipate in the technosphere or natural environment, becoming 454 

economically or technologically unrecoverable. Dissipation can be avoided using CE strategies, 455 

which can maintain the value of products and materials for as long as possible. Although the 456 

extraction itself cannot lead to material¶V� GHVWUXFWLRQ, we can determine particular actions 457 

contributing to resources¶ inaccessibility (Dewulf et al., 2021). Among these actions, the lack of 458 

efficiency in the production and consumption systems contributes to increasing the dissipation 459 

and hibernation of materials. Moreover, the reason to extract materials is to create value via 460 

functional products that keep materials in use in society (van Oers et al., 2020). This functional 461 

use of materials is also responsible for inaccessibility, but unlike hibernation or dissipation, we 462 

benefit from extracted and manufactured materials during the in-use occupation. Hence, the 463 

better we advance in occupying materials in use, the better we take advantage of CE principles. 464 

Nonetheless, occupying materials in use is a benefit (or proxy for a handprint) that presents 465 

challenges, such as managing the associated environmental footprints. The footprint is caused 466 

by the processing and manufacturing of materials into functional products and their recovery due 467 

to a CE strategy, e.g. recycling. In this article, we proposed a method and efficiency indicators to 468 

quantify the footprint and handprint of maintaining the in-use occupation of materials. We 469 

illustrated the method with four groups of materials ± aluminium, copper, iron, and plastics ± used 470 

in laptops with various CE strategies. From the illustration, it is remarkable that the cycles with 471 

refurbishment (S3) were on average more eco-efficient for the in-use occupation of the analysed 472 

materials compared with reusing (S4) and recycling (S2) in a 25-year time horizon. Still, both 473 

reusing and refurbishing were more resource efficient than recycling or energy recovery 474 

concerning PDWHULDOV¶� LQ-use occupation and final retention in society. Important to mention, 475 

however, is that the footprint during the use of the laptops was not part of the analysis ± this 476 

footprint is related to the use of the product itself, not the management of materials. Evidently, the 477 

operation of energy-consuming products is linked to environmental impacts. Thus, a possible 478 

improvement would be the development of product-specific indicators, as further discussed. 479 

Also, from the illustration, it is interesting the little difference of EffOcc results in S1 and S2. 480 

Although they have similar EffOcc for most materials, EffFRS result shows a clear preference for S2. 481 

This pinpoints the complementarity of these two indicators as they were designed to be used 482 

jointly. However, the evaluation of more complex scenarios may present challenges in assessing 483 

the results with different indicators. A similar challenge is well known in the LCA community 484 

regarding the prioritisation of different environmental impacts. In this sense, multi-criteria decision 485 

analysis was demonstrated to aid interpretation of complex results in LCA (Zanghelini et al., 2018) 486 
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and could also be used with our indicators, particularly if other LCIA methods are used for the 487 

footprint evaluation 488 

The results found in this article are in function of using materials in laptops; therefore, they cannot 489 

be expanded for materials used in other products. Furthermore, the results are dependent on the 490 

VFHQDULRV¶ assumptions, such as the in-use and hibernation time of products. However, these 491 

assumptions can be further investigated to include more specific data about products lifetime in 492 

different CE strategies. Likewise, the LCI data was adapted from ecoinvent inventories by using 493 

more recent data about the bill of materials in laptops and their components (Babbitt et al., 2020; 494 

Van Eygen et al., 2016). However, the energy and auxiliary requirements for their manufacturing 495 

and assembly were not modified ± the original ecoinvent dataset for laptop manufacturing is from 496 

2005. Nonetheless, the main source of impacts in computer products is related to the production 497 

of PCBs (André et al., 2019; Choi et al., 2006; Duan et al., 2009), mainly because of the energy 498 

requirements related to semiconductors. It is worth noticing, however, that the semiconductors¶ 499 

area in types of PCBs used in laptops remained constant from 1999±2011 due to miniaturisation 500 

and performance increase of integrated circuits (Kasulaitis et al., 2015). Although semiconductors 501 

were miniaturised over the years to provide the same functionality, their increased performance 502 

may have counterbalanced the gains with dematerialisation (Kasulaitis et al., 2015). Our results 503 

for the footprint of laptops¶ manufacturing and the relative contribution of PCBs are consistent with 504 

other authors (Table S29 ± $QGUp�HW�DO���������/LX�HW�DO���������2¶&RQQHOO�DQG�6WXW]��������7HHKDQ�505 

and Kandlikar, 2013). 0RUHRYHU��WKH�/&,¶V�JHRJUDSKLFal scope is µJOREDO�PDUNHW¶��DFFRUGLQJ�WR�WKH�506 

ecoinvent nomenclature. As most of the footprint is related to the energy requirements globally, 507 

the impact results could decrease with the use of renewable energy in the manufacturing of 508 

laptops and components.  509 

Our methodology advances some aspects in communicating time aspects of the environmental 510 

impact results ± LCIA. Figure 4 and Figure 5 graphically show the emissions in a specific time 511 

occurrence. We showed the footprint in cumulative sections along the life cycle (e.g. raw material 512 

production includes mining, which occurred previously) ± this information could be as 513 

disaggregated as needed for a particular LCA purpose. LCA studies often disregard the dynamic 514 

occurrence of emissions along the life cycle of products. This dynamic information of emission 515 

may be particularly relevant for measuring the transition to a CE in a policy-making context. Future 516 

development in technology (e.g. green energy) is gradual, and our methodology potentially allows 517 

communication about this gradual development. The visualisation of the emissions in several 518 

steps allows benchmarking the reduction of the emissions over time. 1RQHWKHOHVV�� WKH� /&,¶V�519 
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temporal scope of the case studies did not include the mentioned changes in technological 520 

development; hence, future development of the case study could be about studying the effects of 521 

energy use and technology improvement. Moreover, although we show the occurrence of 522 

emissions, we did not account for temporal aspects of the environmental impacts¶�characterisation 523 

factors (e.g. 100a or 500a climate change). For example, in the case of climate change 100a, we 524 

show results as if the emissions had occurred at the same moment. The temporal aspects could 525 

be improved in our methodology by calculating the specific characterisation factors for the year 526 

0, year 25, and the interpolation between 0-25a.  527 

Another point of discussion is the allocation approach to distributing the impacts of manufacturing 528 

among different materials. The manufacturing process is not related to only one material but to 529 

an assemblage of different materials that will constitute components and products providing 530 

different functions. However, to assess the materials individually, we proposed a simplification 531 

approach to distribute the impacts. In this regard, impacts were distributed according to the 532 

physical (mass) allocation recommended by ISO 14040/14044 in a multifunctional process that 533 

cannot be subdivided. The FU of the study is µ1 kg of primary raw material dedicated to the first 534 

product application (laptops computers) and its conservation in similar applications for the time 535 

horizon of 25 years. Hence, the allocated impacts of the manufacturing process were divided by 536 

the mass of material embedded in the laptops to provide the results per kg of material (Eq. 4). 537 

However, as the allocation factor is also based on mass, the manufacturing (and other product-538 

related processes, such as refurbishing or reuse) is the same for 1 kg of material and 1 kg of 539 

product. This could be questioned as materials are not valued socioeconomically by weight. 540 

Hence, allocation factors considering other characteristics (e.g., exergy or cost) could be more 541 

appropriate, but those factors still need to be developed. 542 

Similar reasoning is valid for the 1:1 substitution of avoided materials production at the year 25. 543 

The societal and economic benefits of having materials in use are clear. However, although 544 

primary extraction may decrease with a better in-use occupation of materials, this may not always 545 

be the case. The 1:1 substituting assumption was criticised by Zink et al. (2018) because this 546 

substitution is market-driven and not based on the mass or quality of materials. In our case, 547 

avoided impacts were not as relevant as other impacts (e.g. manufacturing), so the footprint 548 

results would not be much affected. Avoided impacts could become more relevant in the future 549 

because of the quality decrease of the natural reserves. Our methodology could be improved with 550 

a substitution based on quality and market uptake factors, as proposed by Huysveld et al. (2021) 551 

for plastics. 552 
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Pathways for further research could be developing a product-specific indicator, which could be 553 

useful for industry in promoting products that have a more intensive in-use occupation. In this 554 

regard, in-use occupation could be explored as an LCIA method. Such a method could consider 555 

elementary flows of occupation in the function of the elements in materials used for a specific time 556 

(kg × year) and material transformation and restoration, taking, for example, the already 557 

established framework for land occupation. Van Oers et al. (2020) recently proposed a new LCIA 558 

method that couples the inaccessibility of materials (as environmental dissipation) with the 559 

traditional Abiotic Depletion Potential method. However, the method does not include other 560 

causes for inaccessibility, such as in-use occupation, because of the difficulty to operationalise a 561 

characterisation model that estimates the impact associated with future use of resources (van 562 

Oers et al., 2020). This type of LCIA method focuses on reducing negative impacts. We argue 563 

that the in-use occupation of materials also generates a benefit to the intended user of the 564 

products (as the classification proposed by Alvarenga et al. (2020)). For this reason, we 565 

considered in-use occupation as a proxy for the handprint provided by the use of materials. This 566 

benefit perspective does not need a reference for the future use of resources ± the benefit will be 567 

higher with less dissipation and hibernation. Hence, assessing in-use occupation as a positive 568 

impact could be a way forward to operationalise an LCIA method, which could be used to assess 569 

products. 570 

Additionally, the resource efficiency indicators of in-use occupation could be coupled with 571 

methodologies measuring the flow of materials to different products at a certain point in time. In 572 

this sense, the approach provided by the method MaTrace (Nakamura et al., 2014) and further 573 

explored with steel (Pauliuk et al., 2017) and cobalt (Godoy León et al., 2020) could be coupled 574 

with the method provided in this article, for in-use occupation and resource efficiency. Particularly 575 

important would be to expand the analysis of the occupation of critical raw materials in EEE. 576 

6. Conclusion 577 

In a CE, materials should be kept functional for as long as possible and, in this way, minimising 578 

waste and environmental impacts. In this article, we have further developed the concept of in-use 579 

occupation as a handprint (i.e. materials are functional in society) by quantifying the 580 

environmental footprint caused by using materials. In this sense, we developed resource 581 

efficiency indicators that show the handprint and footprint for the in-use occupation and final 582 

retention of materials in society. Our methodology introduces resource efficiency indicators to 583 

assess and compare CE strategies that are difficult to compare (e.g. reuse of products and 584 

recycling or materials). We illustrated the indicators with four materials (aluminium, copper, iron, 585 
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and plastics) used in the production of laptops over a 25-year time horizon. From the illustration, 586 

the highest resource efficiency of the in-use occupation was found for refurbishing scenarios of 587 

aluminium ± an improvement of 189% for carbon-emission resource efficiency and 174% for 588 

natural resource efficiency in relation to energy recovery (baseline). Nonetheless, the reuse of 589 

laptops showed a carbon-emission resource efficiency improvement of the in-use occupation as 590 

high as 157% for aluminium in relation to the baseline. Overall, scenarios with cycles of 591 

refurbishment are preferable for most materials considering their resource efficiency of the in-use 592 

occupation and final retention in society. This result is because large shares of the impacts are 593 

from the laptops manufacturing, and refurbishment was the strategy that along the time horizon 594 

kept materials for a longer period, which delayed recycling and the manufacturing of new laptops. 595 

Our methodology expands LCA¶s traditional single-cycle perspective by measuring the cascaded 596 

use of materials over 25 years. This is particularly relevant for a CE, where the value of materials 597 

should be kept for as long as possible; hence, we should avoid analysing materials or products 598 

over only one or two cycles and instead analysing more cycles over longer periods. 599 

The methodology in this paper can have two potential users. Firstly, it can be used in policy-600 

making to analyse scenarios considering the promotion of different CE strategies or technologies 601 

to keep materials in use with a lower footprint. Secondly, in a research context, the methodology 602 

advances in at least two issues usually related to the LCA considering the assessment of 603 

materials in products. (a) LCA is often criticised for disregarding time constraints by considering 604 

that the emissions would occur not simultaneously EXW� DW� GLIIHUHQW�PRPHQWV� RI� WKH� SURGXFW¶V�605 

lifecycle. Our methodology graphically shows the emissions in specific time occurrence; we did 606 

not account, however, for temporal aspects of the environmental impacts, e.g. 100a or 500a 607 

climate change. (b) , The methodology considered different cycles of products but avoided the 608 

allocation of the impacts among products. Our methodology proposes the analysis of materials 609 

not per product cycle but over a time horizon. In this way, we avoid the impact allocation problem 610 

in post-consumer activities (such as recycling, refurbishing, and reuse) between the previous and 611 

future product cycles. By taking this approach, our methodology tones down the discussion about 612 

who should be responsible for the impacts (e.g. waste producer vs waste recycler). Moreover, we 613 

introduced carbon-emission and natural resource efficiency indicators capable of measuring 614 

multiple CE strategies that are not easily comparable, such as reusing products vs recycling 615 

materials. 616 
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