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ABSTRACT 10 

In evaluating environmental sustainability with methodologies like life cycle assessment (LCA), recycling is 11 

usually credited for avoiding impacts from virgin material production. Consequently, the LCA results are 12 

influenced by the manner in which the substitutability of virgin by recycled materials is estimated. This study 13 

reviews how the scientific community assesses the technical substitutability of recycled materials in LCA. 14 

Accordingly, 49 peer-reviewed papers were in-depth analysed, considering aspects such as materials studied, 15 

type of substitution, recycled material (rMaterial) application, and life cycle stages (LCSs) where substitution 16 

was evaluated. The results show that 49% of the papers investigated material substitutability through technical 17 

and economic aspects. 51% of the articles did not consider the final application of the rMaterial. Plastics were 18 

the most studied material, and mass was the most used property to quantify technical substitutability. Certain 19 

materials were more analysed in specific LCSs (e.g., metals in the natural resource extraction stage). As 51% 20 

of the papers developed a new approach for substitutability calculation, this shows that substitutability is still 21 

a concept in development. It was noticed in 33% of the papers that substitutability values were taken from 22 
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external sources, and in some cases were used without considering whether they were representative for a 23 

specific case. Aspects such as harmonization, transparency, and consideration of the application of recycled 24 

materials, therefore, require more attention in substitutability evaluation. Based on the results, a step-wise 25 

framework to measure technical substitutability at different LCSs was developed to guide researchers in 26 

including substitutability in LCA studies. 27 

 28 
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 31 

1. Introduction 32 

Life cycle assessment (LCA) is a frequently used methodology applied to analyse the potential environmental 33 

impacts attributed to materials, products and processes, and its results are used as guidance for decision-34 

makers in both the public and the private sectors (European Commission, 2003). Recycling activities are 35 

recognized as a strategy to reduce the use of virgin materials by substituting them with secondary materials 36 

(European Environment Agency, 2019). These activities are typically credited for avoiding the environmental 37 

impacts associated with the supply of virgin materials (Huang et al., 2013; van der Harst et al., 2016). 38 

Consequently, the assumptions relating to the virgin material substitution (substitutability) can dominate the 39 

overall environmental balance of an LCA study (Jeswani et al., 2021; Lazarevic et al., 2010; Vadenbo et al., 40 

2017).  Jeswani et al. (2021) performed a sensitivity analysis varying the quality of plastic recyclates from 41 

mechanical recycling and compared the climate change impact results of those recyclates to the ones from 42 

chemical recycling via pyrolysis. Their results showed that if mechanical recycling produces a recyclate with a 43 

quality similar to its virgin alternative, its climate change impact would be 21% lower than that of pyrolysis; 44 
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otherwise, its impact would be 8% higher than that of pyrolysis. Despite the importance of considering the 45 

material quality in substitutability, several LCA studies assume a full substitution (1:1) of primary materials for 46 

recycled ones, without mentioning a clear motivation (Geyer et al., 2016; Rigamonti et al., 2020; Vadenbo et 47 

al., 2017). 48 

 49 

Some guidelines have been provided to address the substitutability of recycled materials in LCA. According 50 

to the European Commission (2010), substitution can be applied in LCA to solve multifunctionality in waste 51 

treatment processes (European Commission, 2010). In essence, it is necessary to quantify the difference in 52 

functionality between the recycled material resulting from waste treatment and its corresponding substituted 53 

virgin counterpart. This quantification can be done in two ways, firstly, by considering the mass of the recycled 54 

material that can substitute a determined mass of virgin material for a given application; and secondly, in case 55 

of undefined applications by including the quality aspect/applicability of the secondary resource, for example 56 

by the market-price ratio of secondary over virgin material (European Commission, 2010). Hossain et al. 57 

(2017), Neo et al. (2021), and Rigamonti et al. (2014) are examples of studies that employed the mass ratio 58 

method for calculating substitutability, in line with the European Commission's recommendation (2010). 59 

Conversely, Bovea et al. (2010), Di Maria & Micale (2014), and Giugliano et al. (2011) considered the disparity 60 

in market prices to estimate substitutability. 61 

 62 

Besides the guidelines from the European Commission (2010), different approaches have been taken to 63 

estimate substitutability. Authors such as Rigamonti et al., 2020 considered the difference in technical 64 

properties between the recycled and the virgin material, incorporating in some cases weighting factors to 65 

include the importance of the application of the recycled material to the substitutability calculation (Demets 66 

et al., 2021; Golkaram et al., 2022). Other methodologies considered a combination of technical and market 67 
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data, sometimes adding the importance of the application through weighting factors (Bala et al., 2015; 68 

Huysveld et al., 2022). Finally, Vadenbo et al. (2017) have established a framework for the estimation of the 69 

substitution potential related to secondary resources (𝛾), which was defined as the product of four different 70 

factors (Equation 1). They are: (1) the physical amount of secondary resources inside a waste stream for 71 

treatment (𝑈𝑟𝑒𝑐), (2) the share that is expected to be recovered and used, the resource recovery or recycling 72 

efficiency (𝜂𝑟𝑒𝑐), (3) the degree of functional equivalence between the secondary resource and the competing 73 

product for a specific end use or application (𝛼𝑟𝑒𝑐:𝑑𝑖𝑠𝑝), and (4) the expected change in consumption levels of 74 

the replaced product system, the market response (𝜋𝑑𝑖𝑠).  75 

 77 

 𝛾 = 𝑈rec ∗ 𝜂𝑟𝑒𝑐 ∗ 𝛼𝑟𝑒𝑐:𝑑𝑖𝑠𝑝 ∗ 𝜋𝑑𝑖𝑠                                          Equation 1 76 

 78 

In this framework, the authors distinguish ‘substitution potential’ (𝛾) from ‘technical substitutability’ 79 

(𝛼𝑟𝑒𝑐:𝑑𝑖𝑠𝑝), the latter being part of the calculation of the former and the subject of this article. In other words, 80 

technical substitutability of recycled materials can be understood as the extent to which the recycled materials 81 

(rMaterials) can replace virgin materials (vMaterials) in specific applications, considering functionality (Tonini 82 

et al., 2022). This reveals that the concept of substitutability is linked to the quality of recycled materials, 83 

because the latter directly affects the former, and that considering the specific application of the rMaterials is 84 

a key requirement for its estimation (Dahlbo et al., 2018; Demets et al., 2021; Golkaram et al., 2022; Huysveld 85 

et al., 2022; Pehlken et al., 2014; Tonini et al., 2022). Whether a certain technical property should be high or 86 

low depends on the application, for example, plastic packaging film requires a low stiffness, while a plastic 87 

pipe requires a high one (Demets et al., 2021).  88 

 89 

The various approaches to estimating substitutability highlight that there is still no harmonized practice in the 90 

this field. At the time of writing this introduction, there are a few articles that performed a critical reviewed 91 
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related to  the technical substitution approaches taken by the scientific community. Sazdovski et al. (2021) 92 

performed a systematic review of 51 articles on beverage packaging to evaluate the extent to which the new 93 

circular economy (CE) paradigm has been integrated into the LCA methodology. Only five of the reviewed 94 

articles considered a substitutability value. Schrijvers et al. (2016) reviewed end of life (EoL) allocation 95 

procedures for recycling in LCA and recommended the use of substitutability in the EoL through quality 96 

correction factors. Van der Harst et al. (2016) reviewed methods for including recycling in LCAs, such as 97 

substitution (quantified by e.g., quality correction factors), allocation based on the number of recycling loops, 98 

the recycled-content method, and the equal-share method. The authors recommended, when applicable, 99 

incorporating quality reduction of recycled materials rather than disregarding it in LCAs. Tonini et al. (2022) 100 

discussed available studies on recycling quality from which, according to the authors, substitutability is part. 101 

They summarized and linked the existing approaches and suggested a way to make the quality concept useful 102 

to support circular economy policies and monitoring. Tonini et al. (2022) discussed substitutability in a general, 103 

yet concise, way, and explained relevant articles. However, they did not provide an in-depth analysis of how 104 

the scientific community approaches substitutability, as their focus was primarily on quality. 105 

 106 

Lazarevic et al. (2010) conducted a review of ten LCA case studies to determine whether a consensus existed 107 

regarding preferred EoL treatment options for post-consumer plastic in Europe. However, the analysed 108 

papers were published more than 12 years ago and the motivation for the selected substitutability ratio is not 109 

discussed (Lazarevic et al., 2010). Viau et al. (2020) investigated the modelling of substitution in LCAs of 110 

municipal solid waste management, including 51 case studies published between 2003 and 2017. These studies 111 

focused not only on recycled materials but also on energy, ashes, fuels and compost. The authors evaluated 112 

the extent to which the studies followed the different contributing factors identified by Vadenbo et al. (2017) 113 

(physical resource potential; resource recovery/recycling efficiency; substitutability; market response) and if 114 
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there was a justification for the substitutability value. Viau et al. (2020) found that 65% of the analysed LCA 115 

studies did not provide justification for the substitutability values used. Furthermore, among the studies that 116 

did offer justification, the substitutability values did not represent physically realistic substitutions. This means 117 

that the substitution was not based on the physical characteristics of recycled materials or on the effects on 118 

their functionality compared with primary materials. Rigamonti et al. (2020) proposed a harmonized approach 119 

for calculating the substitutability of secondary materials in LCA and they also provided a brief overview of 120 

the state of the art regarding technical substitutability presenting a list of sixteen technical substitutability 121 

values. However, the authors did not extensively review the way in which material substitutability was 122 

approached in the literature.  123 

 124 

Concluding, there exists a variety of material substitutability calculation approaches. There is a need to 125 

understand what material substitutability factors measure specifically and on which information or data they 126 

are based. The aim of this paper is to provide a comprehensive understanding of the existing material 127 

substitutability factors and their calculation methods in order to assist the scientific community in the 128 

application of substitutability factors in LCA case studies and their further development. This work relies on 129 

an extensive literature review of material substitutability, mainly from a technical perspective, focusing on 130 

studies published between 2010 and May 2022, in which the substitutability calculation method is clearly 131 

reported. Our work includes an in-depth analysis of 49 papers addressing aspects such as the quantitative base 132 

for substitutability calculation, the applicability in terms of material types and recycling type (open-loop versus 133 

(semi-)closed), the calculation complexity, the representativeness for a specific application, etc. Finally, this 134 

paper also presents a framework with recommendations on technical parameters that can be considered to 135 

measure substitutability at different life cycle stages (LCSs). It can function as a guide towards LCA 136 

practitioners on how to include substitutability in their studies, considering the available information. 137 

 138 
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2. Methodology 139 

2.1.  Scope 140 

This review focuses on studies with the following characteristics; firstly, the articles have applied 141 

substitutability to material recovery via recycling, thus energy recovery (electricity, heat and fuels) and material 142 

recovery via processes carried out by biological organisms (e.g., composting, anaerobic digestion, etc.) were 143 

excluded. Secondly, only studies evaluating the physical quality loss of the materials after recycling were 144 

considered. Studies that focused on the dynamics of supply and demand in market substitution were not 145 

included as these approaches are not based on physical causality (Geyer et al., 2016). Besides articles that 146 

address physical quality loss in a direct way through e.g., technical properties, this work also covers 147 

substitutability quantified based on two indirect approaches, including (i) the price ratio of the substitutable 148 

materials, which can reflect material quality and, hence, is used as a proxy of material quality drop, 149 

recommended by the European Commission, (2010), and (ii) the market share/percentage of recycled material 150 

that is accepted in certain market segments, depending on its quality and/or legal aspects (Golkaram et al., 151 

2022). Articles that considered full substitutability (1:1 substitution) and, hence, considered closed-loop 152 

recycling were excluded, regardless of whether or not motivation or justification was included. This is because 153 

a few of the papers found estimated full substitutability with a valid motivation (e.g., Beigbeder et al., 2013), 154 

while several studies assume this scenario without clear justification (e.g., Ghose et al., 2017; Pires et al., 2011; 155 

Sevigné-Itoiz et al., 2015). Hence, to decrease the possibility of papers without motivation being considered 156 

in the analysis, all the ones in which 1:1 substitution was applied, were left out.  157 

 158 

2.2. Literature review searching process 159 

The literature search process is illustrated in Figure 1, including keywords used, articles obtained after each 160 

step, and filters related to the date of publication, type of publication and language applied.  161 
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   162 

The search was carried out using a combination of three strategies, electronic database search in Web of 163 

Science and Scopus, academic networks, as part of the personal knowledge strategy, and the snowballing 164 

process defined as an approach for systematic literature studies (Greenhalgh & Peacock, 2005; Wohlin, 2014). 165 

Applying the academic network's strategy, a relevant paper that was under revision but not yet approved in 166 

an academic journal and three other relevant articles cited in it were included. This paper was published in 167 

August 2022 (Huysveld et al., 2022). In the snowballing process, the reference list of a related paper and/or 168 

the citations on it, are used to identify additional relevant papers; it can be complemented with a systematic 169 

way of looking at where papers are referenced and where papers are cited (Greenhalgh & Peacock, 2005; 170 

Wohlin, 2014). This combination allowed for obtaining applicable papers for material recycling 171 

substitutability. Using the electronic database search, several non-pertinent papers were also obtained. For 172 

example, the term substitution is also used in the context of finding raw materials that can replace critical raw 173 

materials (Pavel et al., 2016). Additionally, with some of the keywords, papers studying the effect of the 174 

inclusion of recycled materials on the performance of construction materials were obtained. However, in 175 

these, substitutability was not calculated, as an established percentage of recycled material was applied, and 176 

later this was varied to evaluate the performance of the final material (Juan-Valdés et al., 2018, 2021; Kočí et 177 

al., 2021).  178 

 179 

Figure 1 also shows that 49 out of the 71 papers retrieved during the screening and searching underwent an 180 

in-depth analysis. These 49 papers comply with the following characteristics: (i) the substitutability was 181 

considered in a quantitative way, hence it was not only discussed or recommended, and (ii) there was 182 

transparency about the origin of the data considered for the substitutability calculation. A complete list of the 183 

71 papers, containing title, authors, year of publication, the term(s) used to refer to substitutability, and a 184 
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summary of the goal of the paper, among other information can be found in the Supporting material (SM) 185 

(Tables S1 and S2). The reasons why 22 papers were excluded from the in-depth analysis are presented in the 186 

SM (Table S2). The aspects considered during the in-depth analysis of the 49 papers are presented in Section 187 

2.3. 188 

 189 

2.3. Aspects considered during the in-depth analysis and definitions 190 

The aspects evaluated during the in-depth analysis are presented in Table 1, followed by the definitions. 191 

 192 

Materials studied: the recycled material (rMaterial) and substituted material (sMaterial) that were compared 193 

in the substitutability calculation. The rMaterial can either replace the same or a different sMaterial (e.g., 194 

recycled polyethylene (rPE) from plastic packaging replaces virgin polyethylene (vPE) in packaging, or rPE 195 

replaces virgin wood (vWood) in a street bench). 196 

 197 

Substitutability type (S type): defined based on the relationship under which rMaterials and sMaterials were 198 

compared (quantitative base for comparison). It can be: 199 

1. Technical (TS): the substitutability calculation considered material technical properties as a proxy for 200 

quality and/or the number of times that the material is or can be recycled (recycling cycles).  201 

2. Economic (ES): the substitutability calculation considered the difference in prices between the 202 

rMaterial and the sMaterial as a proxy for quality and/or the percentages of rMaterial that is accepted 203 

in certain market segments depending on its quality and/or legal aspects.  204 

3. Technical and economic (TS+ES): the substitutability calculation considered technical and economic 205 

information either combined in one calculated value or not. 206 
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 207 

Quantitative base for comparison: relationship under which the secondary material was compared to the 208 

virgin one. TS can be based on the number of recycling cycles or the difference in technical properties. The 209 

latter can be of three types, i.e. physical, physical-mechanical, and/or properties related to the processability 210 

of the material (i.e., physical-processability). ES can be based on the price ratio or the market shares difference. 211 

 212 

Recycled material (rMaterial) application considered: evaluates whether the specific application of the 213 

rMaterial was considered or not during the substitutability calculation. When the application of the rMaterial 214 

was not specified, it was assumed that this was not considered.  215 

 216 

Origin of data: evaluates where the data used for the substitutability calculation comes from. It can be: 217 

1. Expert judgment (EJ): data based on communication with experts from recycling companies, 218 

consortiums, institutional entities or research institutes. 219 

2. Modelled data (ModD): based on information from mathematical models (e.g., material flow analysis 220 

(MFA)). Simple mathematical estimations as averages were not considered as modelled data. 221 

3. Measured data (MeasD): primary data obtained from laboratory, pilot and/or working plant 222 

experiments.  223 

4. Economic data: based on the market shares (percentages) of recycled or virgin material used in a 224 

certain market segment or sector, or data on the price of recycled and virgin materials.  225 

 226 

Methodological innovation: evaluates what was done with substitutability in the article: 227 
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1. New approach: Authors developed a new method to calculate substitutability, which may build upon 228 

existing approaches. For example, Eriksen et al. (2019) considered market shares in which the 229 

rMaterial with a specific quality level has potential to substitute vMaterial. That approach is analogous 230 

to substitutability proposed by Vadenbo et al. (2017), who divided the functionality of the rMaterial 231 

with the one of the sMaterial. 232 

2. Calculated: one or more substitutability values were determined using and referring to an existing 233 

method in the literature. 234 

3. Used: one or more substitutability values were retrieved from literature and used in an LCA case study.  235 

 236 

Calculation complexity:  237 

1. Simple ratio: substitutability calculation considering the ratio of a single variable. This ratio can be 238 

either part of a broader calculation (see 3. Part of a broader calculation) or not.   239 

2. Elaborated: calculation involved a mathematical operation between multiple variables. The only 240 

objective of the calculation was the determination of the substitutability (e.g., different properties were 241 

multiplied with weighing factors that represent the relative importance of each property).  242 

3. Part of a broader calculation: the substitutability calculation was part of another calculation of which 243 

the main objective was not the determination of the substitutability e.g, inside an EoL formula, a 244 

circular performance indicator or a circular economy benefit formula (Hermansson et al., 2022; 245 

Huysman et al., 2017; Huysveld et al., 2019). 246 

 247 

Life cycle stage (LCS) considered for the substitutability determination: evaluates where in the life cycle, the 248 

rMaterial substitutes the sMaterial. This is also known as the point of substitution (Schrijvers et al., 2021). 249 
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Note that the LCS was identified by the properties used in the substitutability calculation. These LCSs are 250 

based on the work from Dewulf et al. (2015) and can be:   251 

1. Natural resource extraction (NRE): compares the concentration and/or the recovery coefficient of 252 

the substance or material of interest in the natural resource to its concentration and or recovery 253 

coefficient in the waste stream. 254 

2. Raw material production (RMP): considers the easiness of transforming (purifying) virgin (compared 255 

to recycled) resources into raw materials for the manufacturing sector.  256 

3. Manufacturing (MF): considers properties measuring the easiness of processing the rMaterial into 257 

components and/or into products, compared to the virgin one. Note that when the substitutability is 258 

only based on prices or market shares, the substitutability was considered to be evaluated at the 259 

manufacturing stage. Indeed, when the rMaterial is available on the market, it will be purchased instead 260 

of the virgin one, to be manufactured into components and/or products.  261 

4. Use: considers (based on technical properties) how functional the rMaterial in certain applications is 262 

compared to the virgin one. This encompasses both intermediate products that need further 263 

processing (e.g., pellets) into an application, and final products and/or components ready for 264 

application. Note that the categorization of articles into distinct LCSs is guided by the properties used 265 

in substitutability calculations. Therefore, if the substitutability analysis focuses on functional 266 

properties, articles will be placed in the use LCS, even if the recycling process yields intermediate 267 

products. 268 

5. EoL: considers the number of recycling cycles, meaning the number of times, after the EoL, that a 269 

rMaterial can be recycled again compared to the virgin one. 270 

 271 

Recycling type: the type of recycling considered in the substitutability determination: 272 
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1. Closed-loop: the rMaterial was used in the same application as the original application from which it 273 

was recovered without losing quality (Civancik-Uslu et al., 2019; Huysman et al., 2015; Pires et al., 274 

2011; van der Harst et al., 2016). This is out of the scope of the analysis in this article, because the 275 

substitutability will be 1:1. 276 

2. Semi-closed: the rMaterial was used in the same application as the original application from which it 277 

was recovered but with a reduction in quality. Consequently, in some cases, virgin material was added 278 

(Huysman et al., 2017). In this case, the rMaterial replaces the same sMaterial. 279 

3. Open-loop: the rMaterial was used in a different application than the original application in the 280 

previous life cycle. This new application can have a lower or higher value than the original one 281 

(Civancik-Uslu et al., 2019; Ragaert et al., 2017). There are two types of open-loop recycling. In the 282 

first one, the rMaterial replaces the same material but in a different application (e.g., rPE from plastic 283 

packaging was used to replace vPE in toys). In the second one, the rMaterial replaces a different 284 

sMaterial in a different application (e.g., rPE from plastic packaging replaces wood in a street bench). 285 

When the future application of the rMaterial was not specified, it was also considered in our analysis 286 

as open-loop recycling based on the ILCD handbook (European Commission, 2010).  287 

 288 

3. Results and discussion 289 

For the 49 papers that underwent an in-depth analysis, the most outstanding results for the evaluated aspects 290 

defined in Table 1 are discussed hereafter (Sections 3.1 to 3.6). Relationships between the aspects were studied 291 

to figure out relevant connections. The analysis is presented by the number of articles. Note that a single 292 

article can be counted for multiple categories within the defined aspects. For example, Rigamonti et al. (2010) 293 

studied the substitutability of plastics, paper and wood, hence, this paper appears three times in the type of 294 

material studied. Consequently, the quantity of all the materials studied can be higher than that of the papers 295 
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analysed. Also, Section 3.4 provides an example of the analysis performed on all articles by evaluating the 296 

aspects outlined in Table 1, using the recent work by Golkaram et al. (2022). Finally, the findings from the 297 

literature review are translated into a framework for LCA practitioners considering recommendations on 298 

technical parameters that can be used to measure substitutability at different LCSs (Section 3.6). 299 

 300 

3.1. Comparison of methods 301 

Due to the importance of the consideration of the final application of the rMaterial in the substitutability 302 

calculation, this was analysed in relation to the substitutability type, the recycling type, and the methodological 303 

innovation (Figure 2). 304 

 305 

Figure 2a shows that the substitutability type covered in almost half of the papers (24 out of 49 analysed 306 

papers or 49%) was based on both technical and economic properties (TS+ES), followed by technical 307 

substitutability (TS) in 19 papers (39%). Only six papers (12%) considered exclusively economic 308 

substitutability (ES).  309 

 310 

Figure 2a also shows that more than half of the papers (25 out of 49 analysed papers or 51%) did not consider 311 

the application of the rMaterial in the substitutability calculation. Technical substitutability was the only 312 

substitutability type in which more than half of the papers (12 out of 19 papers or 63%) considered the future 313 

application of the rMaterial. On the contrary, in none of the papers applying only economic substitutability 314 

the application of the rMaterial was considered. Due to the importance of considering the rMaterial 315 

application, the representativeness of economic substitutability can be questioned. 316 
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In Figure 2b it is observed that most of the papers (65%) evaluating substitutability considered only open-317 

loop recycling (32 out of 49 analysed papers), while nine papers (18%) focused on both open and semi-closed 318 

loop recycling, and seven papers (14%) only on semi-closed loop recycling1. This could be explained by the 319 

fact that open-loop recycling is still more common than semi-closed loop recycling (European Commission 320 

JRC, 2010). 21 out of the 32 papers (66%) evaluating open-loop recycling did not consider the final application 321 

of the rMaterial in the calculation of the substitutability. On the contrary, in five out of seven papers (71%) 322 

studying semi-closed loop recycling, the final application of the rMaterial was considered. This might be 323 

because, in semi-closed loop recycling, the rMaterial goes back to the original application in the previous life 324 

cycle, hence, its future application is clear (Huysman et al., 2017). On the contrary, in case of open-loop 325 

recycling, the future use of the rMaterial can be known or not (Ragaert et al., 2017). 326 

 327 

Figure 2c shows that the majority of the papers (25 out of 49 analysed papers or 51%) developed a new 328 

approach for calculating substitutability, which may build upon existing approaches. This reveals that 329 

substitutability is still a concept in development that lacks standardization for its calculation. In 16 papers 330 

(33%), the substitutability values were only retrieved from other studies. In the latter case, it is necessary to 331 

meticulously choose the substitutability value in order to ensure that it is applicable to the specific case, hence 332 

representative. However, it was found that seven papers published between 2010 and 2020 (Andreasi Bassi et 333 

al., 2017; Bovea et al., 2010; Di Maria & Micale, 2014; Ferrara & De Feo, 2020; Giugliano et al., 2011; Hossain 334 

et al., 2017; Tunesi et al., 2016) used the same substitutability value for plastics (0.81:1), developed by 335 

Rigamonti et al. (2009, 2010), based on prices from 2008 in Italy. Knowing that prices are constantly 336 

fluctuating, for example, according to Eurostat (2021), from 2012 to 2020, the average price of plastic waste 337 

 
1 Vadenbo et al. (2017) which is one of the most well-known articles developing a new approach to calculate substitutability, is part 
of the 49 papers analysed in detail. However, it presents a case of energy substitutability, and none on material recycling 
substitutability. Hence, it was not classified in the aspects “recycling type”, “material type” and “quantitative base for comparison 
(properties)”.  
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in Europe varied from 334 to 247 EUR/ton plastic, it is likely that the same substitutability value is not 338 

representative in all those studies. 339 

 340 

Figure 2c also depicts that most of the papers (18 out of 25 analysed papers or 72%) that developed a new 341 

calculation approach for substitutability considered the final application of the rMaterial. In contrast, in most 342 

of the papers only using a substitutability value from another literature source (14 out of 16 analysed papers 343 

or 87%), the final application of the rMaterial was not considered. Finally, in exactly 50% of the papers in 344 

which the substitutability was calculated and used, the future application of the rMaterial was considered.  345 

Bearing in mind the importance of the future application of the rMaterial in the calculation of substitutability, 346 

it might not be reliable and hence, not advisable to apply the substitutability value defined from one work to 347 

another one. If needed, it should only be applied when the rMaterial application and the conditions considered 348 

for the calculation of the substitutability value are the same in both cases. 349 

 350 

3.2. Comparison of studied materials 351 
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The most studied material in the 49 analysed articles was plastic (39) (Table 2 in Section 3.2.1), followed by 352 

paper/cardboard (13), metal (6), wood (3), and others (6), including tires, glass, carbon fibres and materials 353 

from construction and demolition waste. This result shows the awareness of the scientific community about 354 

quality degradation of plastics and paper/cardboard after recycling, two material groups in which this 355 

discussion is indeed very pertinent. Consequently, the study of plastic has shown more substantial 356 

advancements in terms of models for estimating substitutability. These models incorporate multiple technical 357 

properties, market data, and the inclusion of weighting factors. Note that a single paper could be counted for 358 

multiple materials studied (first paragraph of Section 3). The evaluation of materials in the reviewed articles 359 

considered two aspects: their quantitative basis for comparison (Section 3.2.1) and the LCS at which 360 

substitutability is assessed (Section 3.2.2). 361 

 362 

3.2.1. Relationship between the studied materials and the quantitative base for comparison 363 

Table 2 presents, in terms of the number of papers, the properties considered in the technical substitutability 364 

calculation for the different materials. Bearing in mind that a single paper can study different properties to 365 

calculate substitutability, the number of times that all the properties were studied was higher than the total 366 

number of analysed papers. For example, Demets et al. 2021 (a single paper) calculated technical 367 

substitutability considering five properties; ease of flow, i.e., melt-flow index (MFI), elastic modulus (E), yield 368 

strength (𝜎𝑦), impact strength (a), and strain at break (𝜀𝑏). 369 

 370 

In 39 out of the 49 articles analysed, plastic substitutability was studied. 22 of the 39 papers evaluating 371 

substitutability for plastics considered technical properties (physical, physical-mechanical and physical-372 

processability) for the estimation. Four papers considered solely physical-mechanical properties, 15 considered 373 

physical properties and three considered both physical-mechanical and physical properties. Most of the articles 374 
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evaluating technical properties in the substitutability calculation for plastics focused on physical properties 375 

(mainly mass), followed by physical-mechanical properties (mainly elastic modulus and tensile strength). The 376 

latter two physical-mechanical properties look at the ability of a material to bend and the ability to withstand 377 

an applied load without failure, respectively (Demets et al., 2021; Rufe, 2013). The fact that mass was most 378 

frequently considered is probably due to the simplicity of quantifying it, which represents an advantage of 379 

considering this property in substitutability calculations. On the contrary, determination of physical-380 

mechanical properties is less straightforward and requires a laboratory test in which a load is applied to evaluate 381 

how the material reacts (Rufe, 2013). Moreover, the widespread use of mass in the substitutability calculation 382 

can be explained by the well-known concept of recycled content referring to the percentage of the total mass 383 

of a product that comes from rMaterials (Eriksen et al., 2020; Horodytska et al., 2020; Neo et al., 2021). 384 

However, mass alone does not accurately reflect the quality and functionality of recycled materials (rMaterials). 385 

During the recycling process, factors such as contamination control and processing techniques can lead to 386 

rMaterials becoming unsuitable for high-end applications, consequently diminishing their effectiveness as a 387 

substitute for virgin materials (Grant et al., 2020; Tonini et al., 2022).  388 

 389 

Additionally, 17 other papers considering substitutability of plastics did not study technical properties at all. 390 

These based exclusively on price (12), market shares (2) or on the number of recycling cycles (1). The 391 

remaining two considered “quality characteristics” such as colour and odour to determine the market position 392 

of rPlastics, but these were not used as a basis for determining substitutability. While price and market share 393 

data can serve as proxy estimates for substitutability in cases of undefined applications, it is susceptible to 394 

market volatility, thus introducing uncertainty (European Commission, 2010; Golkaram et al., 2022). 395 

Regarding the utilization of the number of recycling cycles, despite its consideration of quality losses linked 396 

to recycling, practically estimating the number of recycling cycles is unfeasible due to challenges in monitoring 397 
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recycled plastic. This requires the application of experiments to obtain the needed data for estimating the 398 

recycling cycle count. 399 

 400 

Among the 13 articles studying paper, only one considered physical-mechanical properties for estimating 401 

substitutability, while 12 relied on the number of times paper can be recycled. Concerning the six articles 402 

examining metals, one article based its comparison on mass concentration of the target component (grade 403 

content) and recovery efficiency, another on recovery efficiency and market price, one solely on mass 404 

concentration of the target component, and three articles focused on economic parameters. The choice of 405 

concentration and recovery efficiency for metals is driven by feasibility considerations. Recycling metal waste 406 

becomes viable when certain thresholds are met, such as a minimum concentration (e.g., 24% for manganese) 407 

and a coefficient of recovery for the target component (Jandieri, 2022). 408 

 409 

In the case of the three articles focused on wood, physical-mechanical properties (specifically, elastic modulus 410 

and longitudinal bending strength) were considered for estimating substitutability. These properties are 411 

important for wood as they are associated with maintaining the structural integrity of wood-based structures 412 

and supporting loads or resisting bending forces, respectively. In conclusion, the properties considered during 413 

the substitutability calculation, for all materials, should align with the specific requirements of their defined 414 

applications (Demets et al., 2021; Golkaram et al., 2022). 415 

 416 

Table 2 also indicates that among the 49 articles analyzed, six examined the substitutability of other materials. 417 

These materials encompass tires, construction and demolition waste (C&DW), glass, and carbon fibers. For 418 

the first three materials, the evaluation of substitutability relied on mass, with the additional consideration of 419 
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C&DW's composition (i.e., soil content). In the case of glass, the analysis factored in thermal conductivity, 420 

while for carbon fibres, substitutability was based on the physical-mechanical attribute of tensile strength. 421 

 422 

Additionally, in six out of the 49 papers (12%), the rMaterial substituted a different sMaterial. For example, 423 

rPE from household waste replaced cast iron and hardwood in a street bench, or rFoam from glass cullet 424 

substituted vInsulation material2 (Haupt et al., 2018; Huysman et al., 2015, 2017). Hence, in all of these six 425 

papers, the recycling type studied was open-loop, and the calculation of substitutability was based on mass. 426 

This can be explained by the fact that material properties are specific to material types, however, mass is a 427 

property applicable for all material types, then the comparison is feasible.  In general, two approaches to 428 

quantify substitutability considering mass were identified. In the first one, the mass of rMaterial needed to 429 

replace the sMaterial is directly used as a substitutability value. This is typically the case when the rMaterial 430 

replaces a different sMaterial e.g., rPE is used to produce a street bench normally made of 63 kg cast iron. If 431 

the bench is made of rPE, 95.5 kg of rMaterial is required, hence 1 kg rPE substitutes 0.65 kg cast iron 432 

(Huysman et al., 2017). In the second one, a technical property is first used to estimate how much of the mass 433 

of rMaterial is required to replace sMaterial. For instance, van Eygen et al. (2018) considered the thermal 434 

conductivity and density of recycled and virgin EPS to calculate the amount of both materials needed to 435 

provide a thermal insulation of one m2K/W, resulting in 2.43 kg virgin/kg recycled.  Hence, when identifying 436 

the quantitative base for comparison, this paper was classified under others and not under mass. The second 437 

approach provides an advantage by allowing the estimation of the rMaterial mass that can be included in the 438 

product, without its manufacturing. Thus, substitutability can be included in LCA of products that are not yet 439 

produced due to time or budget constraints. In 27 of the 32 papers studying open-loop recycling and in eight 440 

 
2 Mix of: EPS: Expanded polystyrene, XPS: extruded polystyrene, PUR: Polyurethane, mineral wool and glass wool. 
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of the nine papers considering open and semi-close-loop recycling, the rMaterial substituted the same 441 

sMaterial. In those cases, not only mass was used as quantitative base for comparison.  442 

 443 

3.2.2. Relationship between the studied materials and the LCS considered  444 

Figure 3 presents, in terms of the number of papers, the materials studied according to the LCS that was 445 

considered for their substitutability calculation. 446 

 447 

It was found that the only materials for which natural resource extraction was considered in the substitutability 448 

calculation were metals. As described in Section 3.2.1, the comparison was made between ore grade (i.e., metal 449 

concentration in the ore) and metal content in the waste stream (Hossain et al., 2017; Jandieri, 2022) or the 450 

ease of extracting metal from the ore versus from scrap (Jandieri, 2022). However, as per the substitution 451 

potential framework established by Vadenbo et al. (2017) (Equation 1), the concentration of the metal and 452 

ease of extraction are factors more closely related to the physical amount of secondary resources within a 453 

waste stream for treatment (𝑈𝑟𝑒𝑐)  and the expected recovery and utilization rate (resource recovery or 454 

recycling efficiency, 𝜂𝑟𝑒𝑐). Thus, even though the authors referred to it as the substitution ratio and ore 455 

substitution index, their studies may not be (directly) measuring substitutability or substitution potential. 456 

 457 

The results also pointed out that none of the articles considered the raw material production stage for the 458 

substitutability calculation. This shows that the transformability (i.e., easiness of transforming) of the virgin 459 

(compared to recycled) resources into raw materials for the manufacturing sector was not studied for 460 

substitutability calculation. An example where this LCS could be relevant is in case of chemical recycling of 461 
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plastic waste; the substitutability calculation could be performed comparing the easiness of transforming the 462 

recycled oil or recycled naphtha fraction to that of the virgin fossil-based oil or naphtha. 463 

 464 

Out of the 49 articles evaluated, 323 articles assessed substitutability in the manufacturing stage. Note that the 465 

articles using a substitutability type based on market shares and/or prices were all considered to evaluate 466 

substitutability in the manufacturing LCS (Section 2.3). Only two of the 32 articles considered technical 467 

properties related to material processability. These articles, authored by Demets et al. (2021) and Golkaram et 468 

al. (2022), introduced new methods for determining technical substitutability. Both articles studied plastics, 469 

and looked into the melt-flow index (MFI) as a processability property, which is defined as the mass of 470 

polymer extruded under a fixed load over a specified time through a die of specified length and diameter at a 471 

fixed temperature. The study from Demets et al. (2021) emphasized that the chosen processing technique and 472 

its associated processing property, such as MFI, should be considered carefully as it affects the intended 473 

application. For example, the MFI for film applications is typically between 0.25 and 4 g/10 min, whereas for 474 

injection moulding of rigid products it is between 0.8 and 20 g/10 min (Demets et al., 2021). 475 

 476 

323 of the 49 articles evaluated the substitutability at the use stage, considering properties such as mass, tensile 477 

strength, E modulus, etc. Note that within these 32 articles, the recycling process could yield intermediate 478 

products (e.g. pellets) for further processing, as demonstrated by Andreasi et al. (2017), or final products (or 479 

its components) ready for use as shown by Rigamonti et al. (2020). Importantly, all articles within the use LCS 480 

 
3 Vadenbo et al. (2017), which is one of the most well-known articles developing a new approach to calculate substitutability, is 
part of the 49 papers analysed in detail. However, it presents a case of energy substitutability, and none on material recycling 
substitutability. Hence, it was not classified in the aspects “recycling type”, “material type” and “quantitative base for comparison 
(properties)”. However, their approach looks at the degree of functional equivalence between the secondary resource and the 
competing product for a specific end use or application and to the expected change in consumption levels (market shares). Hence, 
it looks at the manufacturing and use LCSs. 
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consistently factored in functionality-related properties. Among the 32 articles in the use stage, six performed 481 

the substitutability calculation by comparing the rMaterial to a (different) sMaterial, based on mass (Section 482 

3.2.1). Note that the assessment of substitutability at the use stage does not necessarily entail the consideration 483 

of the future application of the rMaterial. For example, Hermansson et al. (2022) evaluated the substitutability 484 

of rCarbon fibres against virgin ones by examining the difference in tensile strength, a property associated 485 

with the use LCS. Nonetheless, the study did not specify the future application of the rCarbon fibres, 486 

indicating that the application of the rMaterial was not a part of the assessment. 487 

 488 

Figure 3 depicts that most of the articles that looked at the number of recycling cycles (i.e., EoL stage) for the 489 

substitutability calculation focused on paper/cardboard. This might be explained by the fact that the number 490 

of times that paper can be recycled is well-known, in contrary to other materials such as plastics (Rigamonti 491 

et al., 2009, 2010). Rigamonti et al. (2009, 2010), based on the ISO/TR 14049, applied this approach 492 

considering that paper can be recycled up to five times based on expert judgment, and thus, the environmental 493 

impacts of the production of virgin paper (vPaper) can be allocated among six use phases. They calculated the 494 

environmental impact of one kg of recycled paper (rPaper) pulp by adding 1/6 (= 0.167) of the environmental 495 

impacts of one kg of vPaper pulp to the environmental impacts of the recycling process. Based on this, they 496 

assumed that one kg of recycled pulp (rPulp) and 0.167 kg of virgin pulp (vPulp) can replace one kg vPulp, 497 

or one kg of rPulp can replace 0.833 (1-0.167) kg of vPulp. According to the authors, this value reflects the 498 

difference in physical-mechanical properties and colour between the virgin and the recycled pulp and thus the 499 

quality loss caused by recycling. 500 

 501 
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Finally, it was noticed that the substitutability of plastics, the most studied material (Section 3.2), was 502 

investigated in all of the LCSs, except natural resource extraction and raw material production. This indicates 503 

that there is room for further investigation.  504 

 505 

3.3.  Comparison of calculations and data 506 

The most frequently used origin of data was expert judgment, which was applied in 34 out of the 49 analysed 507 

papers. This was utilized in 20 of the 24 papers that considered both technical substitutability (TS) and 508 

economic substitutability (ES), and in 14 of the 19 papers that only considered TS. The preference for expert 509 

opinion can be attributed to several reasons: its perceived reliability as firsthand information and its 510 

accessibility through expert reports, eliminating the need for experiments to obtain measured data. However, 511 

it is important to note that while expert judgment is often considered reliable, the desired material properties 512 

can vary based on conditions and specific applications. Therefore, it is recommended to combine expert 513 

opinion with measured data to ensure a comprehensive analysis and understanding of material or product 514 

characteristics (e.g., Demets et al., 2021; Golkaram et al., 2022; Huysveld et al., 2022). 515 

The second most commonly used source of data was measured data, which was utilized in 19 of the 49 articles. 516 

It was applied in nine of the 24 articles that considered both TS and ES, and in 10 of the 19 papers that only 517 

considered TS. Market prices and market shares data were used in 18 and three of the 48 analysed articles, 518 

respectively. In the articles that only applied ES, the majority (5 out of 6) relied solely on prices, while in the 519 

articles that considered both TS and ES, price data was used in 13 out of the 24, and market shares data was 520 

used in 11 of the 24 articles. Finally, the least utilized source of data was modelled data, which was used in 521 

three of the 49 analysed articles. Regarding the calculation complexity, the majority of the papers (32) 522 

calculated substitutability as a simple ratio, followed by a more elaborated calculation (27) and, lastly, as part 523 

of a broader calculation (10). Note that the results are given by the number of papers, and that one paper can 524 
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include multiple substitutability values and therefore multiple calculation complexity and origins of data (first 525 

paragraph of Section 3). More information on these aspects for all analysed papers can be found in the SM 526 

(Table S1). 527 

 528 

3.4. An example of the in-depth analysis applied to a method to quantify substitutability  529 

Golkaram et al. (2022) presented a model to estimate the quality of rPlastics, incorporating degradation, degree 530 

of mixing and contamination. The aspects considered were material properties (physical, physical-mechanical, 531 

and sensory), percentage of impurities, permissible value per property, ideal value for the property and relative 532 

importance for the property depending on the application (i.e., weighing factors). The model gives a quality 533 

value between zero and one which was used as the substitution factor in LCA cases. Analysing the article from 534 

Golkaram et al. (2022), it was found that the application of the rMaterial was considered for the calculation. 535 

Regarding the methodological innovation, a new approach to calculate technical substitutability, using 536 

physical, physical-mechanical and sensory properties, was developed. Furthermore, this approach was also 537 

applied (calculated) and used in LCA case studies. Considering the properties used (melt flow rate, tensile 538 

strength, impact strength, E modulus, etc.), the substitutability was evaluated in the manufacturing and use 539 

LCSs. The calculation complexity was elaborated since it is the product of different properties applying 540 

weighing factors. The origin of the data was expert judgment and measured data. The recycling type was open-541 

loop since the waste comes from fridges and will be recycled to be used in toys, cheese packaging and food 542 

packaging (these are not the same application; however, they are all high-end applications). In the discussion 543 

section, the authors claimed that their approach is more accurate than conventional substitution methods used 544 

in the context of LCA and compared the model developed with others available in the literature, including 545 

economic value (e.g., Rigamonti et al. (2010)), market shares (e.g., Eriksen et al. (2019)) and single property 546 

indicators (e.g., Rigamonti et al. (2020)). It was stated that the first two methods represent quality yet suffers 547 



26 
 

from volatility, the second basically categorizes quality in low, medium and high values which remain constant, 548 

while the last is often not comprehensive and not application based. Nevertheless, the single property 549 

approach developed by Rigamonti et al. (2020) is based on the future application of the rMaterial. Additionally, 550 

the importance of basing the calculation of substitutability on experimental data (measured data) was 551 

mentioned.  552 

 553 

3.5. Further discussion 554 

The use of different terms in the context of substitutability (e.g., displacement, quality factor, replacement 555 

coefficient, substitution) shows a lack of standardization in its terminology and concept. Consequently, articles 556 

addressing substitutability but referring to it with terms different from the keywords used during the literature 557 

search in the present study (Figure 1) may have been left out of the analysis. For example, Kusenberg et al. 558 

(2022) evaluated the use of pyrolysis oil from plastic waste recycling as a steam cracking feedstock compared 559 

to fossil-based (naphtha) feedstocks. The authors found that blending with fossil naphtha is necessary to meet 560 

steam cracking specifications for contaminants (e.g., nitrogen, sulfur and oxygen compounds) and thus a 561 

“dilution ratio” was calculated. Despite potentially exploring a new approach to calculate substitutability in 562 

the raw material production LCS, the article does not use the terms “substitutability” or “substitution”, causing 563 

it to be missed in the literature search. 564 

 565 

Furthermore, the concept of substitution is defined differently by various authors. Some define it broadly 566 

(sensu latu), taking multiple factors into account, such as the framework to calculate the substitution potential 567 

established by Vadenbo et al. (2017) (Equation 1). Others define it more strictly (sensu stricto), considering only 568 

one or two factors from previously mentioned framework. This is seen in the works of Jandieri et al. (2022) 569 

and Andreasi et al. (2017) in which different aspects are considered for the calculation but the term 570 
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“substitution” is used in both of them (Section 3.2.2). Jandieri et al. (2022) calculated the “ore substitution 571 

index” by multiplying the coefficient of recovery from secondary raw materials (recovery efficiencies) by the 572 

content of the material of interest in the waste stream (Table 3). Andreasi et al. (2017) estimated the 573 

“substitution ratios” by multiplying the recovery efficiencies by the market ratios. This lack of harmonization 574 

in the definition of substitution can result in under/overestimation of substitution when LCA practitioners 575 

use values from literature without caution.  576 

 577 

In considering a more circular economy, where rMaterials are used for production, it may become important 578 

to account for the possibility of comparing the rMaterials with replaced (other) rMaterials in the substitutability 579 

calculation (Bala et al., 2015). Bala et al. (2015) proposed a new method to calculate environmental credits 580 

associated with material recycling using their "Inside Impact Avoided Formula". This method considers the 581 

physical-mechanical properties of virgin and recycled materials, the proportion of recycled and virgin material 582 

in the market mix, and the environmental impacts of both recycling and virgin production. Hence, it assumes 583 

that the rMaterial will replace not only vMaterial in the market but a mix of recycled and virgin material. 584 

According to the authors, this approach aligns better with the attributional approach in LCA compared to the 585 

assumption of a 1:1 substitutability (Bala et al., 2015). Notably, this approach has been adopted by Bala et al. 586 

(2020) and Civancik-Uslu et al. (2019). 587 

 588 

When calculating substitutability, some authors (e.g., Demets et al., 2021; Huysveld et al., 2022) allow a value 589 

for substitutability between zero and one, meaning that even if the rMaterial could replace more vMaterial or 590 

if its quality would be higher (upcycling), the maximum substitutability value equals one. Contrary, other 591 

authors (e.g., van Eygen et al., 2018 and Rigamonti et al., 2020) provided final substitution factors higher than 592 

one. It may be of importance to consider when a limit of one is valid and when not.  593 
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 594 

The results of the in-depth analysis could be affected by the assumptions adopted in the present study. For 595 

example, all papers focusing only on economic substitutability were classified as considering the 596 

manufacturing stage for substitutability determination, increasing the number of papers evaluating the 597 

substitutability in this LCS. Additionally, when the application of the rMaterial was unknown or unclear, the 598 

application of the rMaterial was classified as “not considered” and it was assumed that open-loop recycling 599 

was the focus. Furthermore, due to the time window of the literature search (up to May 2022), some very 600 

recent relevant papers, such as the study by Schulte et al. (2023), were not included in the analysis. Schulte et 601 

al. (2023) introduced the concept of Conservation Potential, which incorporates both quantity and quality 602 

conservation, aiming to evaluate the substitutability of rMaterials based on functional requirements and 603 

weighted technical properties relevant to specific applications. This innovative approach holds promise for 604 

LCA experts in enhancing the assessment of substitutability for rMaterials (Schulte et al., 2023). 605 

 606 

3.6. Recommendations and framework for evaluation of substitutability in LCA   607 

Based on the findings from the literature review, recommendations for the evaluation of substitutability in 608 

LCA are presented in this section. Firstly, it is suggested to consider the decrease in material quality after 609 

recycling by calculating its substitutability value (based on primary data). When possible, this assessment 610 

should be as comprehensive as possible, taking into account physical, physical-mechanical, physical-611 

processability, and sensory properties, as presented in the work  by Golkaram et al. (2022). 612 

 613 

When there is primary technical data available, it is possible to calculate the technical substitutability. The 614 

specific technical parameters used for the calculation can vary depending on the LCS that is focused on for 615 
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the evaluation, as illustrated in Figure 4. Note that the LCS at which substitutability can be evaluated in the 616 

case study depends on the research question(s) being addressed, which is also related to scope, i.e. the system 617 

boundaries, to be defined in the LCA study. It is essential for the practitioner to have a clear understanding 618 

of the key characteristics of the secondary materials intended to obtain from the recycling process and the 619 

specific material(s) it aims to replace, depending on the targeted application. Depending on the point of 620 

substitution, the focus may be on replacing extracted natural resources, treated or refined natural resources 621 

(primary raw materials), materials to be manufactured into products, or even finished products ready for use. 622 

However, as it is the case within LCA, altering the research question(s) and thereby modifying the system 623 

boundaries will affect the LCS at which substitutability is evaluated. Moreover, the assessment can yield 624 

different results depending on which LCS the substitutability is evaluated. For instance, considering the “use 625 

LCS” for a chemically recycled plastic would likely show a high substitutability (often assumed as 1:1), as the 626 

chemically recycled plastic shares the same characteristics and, therefore, functionality with virgin plastic. 627 

However, assessing substitutability at the “RMP LCS” could result in lower substitutability coefficients. This 628 

is due to the potential lower quality of th“ obtain”d recycled pyrolysis oil, which might contain higher 629 

contaminants and lower paraffin content compared to virgin fossil naphtha. Consequently, additional 630 

purification steps and/or dilution with fossil naphtha are needed to match the quality of virgin naphtha and 631 

enable its processing into polymers. To ensure a consistent substitutability value aligned with LCA, the 632 

appropriate LCS for evaluating substitutability should be selected based on the LCA boundaries. 633 

 634 

At the natural resource extraction stage (NRE), the comparison between the rMaterial and the sMaterial can 635 

be based on the concentration of the material of interest in the waste and in the natural resource (Δ 636 

concentration), or on the ease of extracting the material of interest from the waste compared to the natural 637 

resource. This is presented in the works by Jandieri et al. (2022) and Hossain et al. (2017). 638 
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 639 

At the raw material production stage (RMP), substitutability can be assessed based on the ease of transforming 640 

recycled (compared to virgin) resources into raw materials for manufacturing (Δ transformability). For 641 

instance, the substitutability in the context of chemical recycling of plastics could be calculated by comparing 642 

the easiness of transforming the rOil or rNaphtha fraction into new plastics to the one from virgin fossil-643 

based oil or naphtha. Factors such as impurities and the tolerance of steam crackers with respect to their 644 

intake can affect this transformability. This could be done considering the blending of rOil with fossil 645 

vNaphtha to reach the specifications to be further process into plastics as approached by Kusenberg et al. 646 

(2022). Note however that in the work by Kusenberg et al. (2022) the terms “substitutability” or “substitution” 647 

are not used.  648 

 649 

When substitutability is evaluated at the product manufacturing stage (MF), processability properties for 650 

specific manufacturing processes can be used (Δ processability). This approach was only observed so far for 651 

plastics, based on properties such as melt viscosity, melt-flow index, and intrinsic viscosity (Demets et al., 652 

2021; Golkaram et al., 2022).  653 

 654 

At the use LCS, substitutability can be assessed based on properties related to the functionality of products 655 

for specific applications (Δ functionality), such as mass (directly or indirectly used (Section 3.5)), tensile 656 

strength, and E modulus. If the rMaterial is compared to a (different) sMaterial at the use LCS, the mass of 657 

substituted material replaced by the vMaterial can be the primary factor in assessing substitutability (Δ 658 

functionality). This approach is observed in several articles, including Demets et al. (2021), Huysveld et al. 659 

(2022) and Rigamonti et al. (2020). 660 
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 661 

When substitutability is evaluated at the EoL stage, the number of recycling cycles that rMaterials can 662 

withstand can be used to estimate the substitutability (Δ recycling cycles). This was applied by Rigamonti et 663 

al. (2009, 2010).  664 

 665 

Table 3 provides a framework for evaluating technical substitutability at different LCSs. It includes three steps: 666 

(1) Identify the LCS at which substitutability can be evaluated in the case study by looking at the research 667 

questions to be answered, (2) Look for available approaches to quantify substitutability in the selected LCS 668 

from step 1, and (3) Gather the necessary data to apply the approach(es) identified in step 2. Table 3 also 669 

provides some examples of past studies utilizing the approach along with the materials considered.  670 

 671 

Note that substitutability estimates in certain LCSs can be combined with those in other LCSs. For example, 672 

Demets et al. (2021) took as final substitutability value the limiting factor between the processability recycling 673 

quality factor (MF LCS) and the mechanical recycling quality factor (Use LCS). Golkaram et al. (2022) 674 

multiplied processability properties (melt flow rate) with technical and sensory properties (tensile strength, 675 

modulus, colour, odour etc.) related to the application of the rMaterial to calculate the substitution ratio. 676 

Table 3 also shows that depending on the LCSs in which the comparison between the rMaterial/resource and 677 

the substituted one is done, the future application of the rMaterial should be taken into account. This can be 678 

done, for example, by adding weighing factors, giving high values to the properties that are most important 679 

for the performance of the material in a specific application (Demets et al., 2021; Huysveld et al., 2022). 680 

However, when the rMaterial application is unknown, it is possible to apply economic substitutability based 681 
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on market prices and/or shares, nevertheless, due to its potentially low representativeness, a sensitivity analysis 682 

is recommended.   683 

 684 

The technical data can be combined with economic data (if 32vailablee) to calculate both the technical and 685 

economic substitutability. This has been done by Civancik-Uslu et al. (2019), who multiplied the composition 686 

of the rMaterial by the prices of each component material. Another approach was presented by Huysveld et 687 

al. (2022), in which the overall substitutability was calculated as the multiplication of technical substitutability 688 

(based on the ratios of multiple physical-mechanical properties for specific applications) and market 689 

substitutability (based on the potential share of the total market size of the sMaterial that can be replaced by 690 

the rMaterial considering legislative constraints). Finally, if primary data is unavailable, substitutability values 691 

can be taken from literature, while ensuring that the intended use and conditions match those of the case 692 

study, yet a sensitivity analysis is suggested. 693 

 694 

4. Conclusions, recommendations and perspectives 695 

Reviewing the literature on (technical) substitutability of recycled materials, this article revealed that most of 696 

the analysed papers (49%) investigated the material substitutability through a combination of technical aspects 697 

and economic aspects (prices or market shares). As for the consideration of the recycled material application, 698 

51% of the papers did not include this in their substitutability estimation. It was also found that the 699 

consideration of the recycled material application was closely linked to the type of substitutability being 700 

evaluated. Technical substitutability was more likely to contemplate the recycled material application 701 

compared to economic substitutability.  702 

 703 



33 
 

Concerning methodological innovation, 51% of the papers developed new ways to calculate substitutability, 704 

while 33% of the papers took the substitutability value from an external source. This shows that the 705 

substitutability concept and its calculation is still in development. Considering the materials studied, plastics 706 

were the most analysed material, and their technical substitutability was mainly evaluated through mass-related 707 

physical properties.  708 

 709 

Regarding the material life cycle stage at which substitutability was evaluated, it was found that most of the 710 

papers considered the manufacturing and the use life cycles stages.  A pattern was also identified; certain 711 

materials were more analysed in some life cycles stages, e.g., at the natural resource extraction stage only metals 712 

were studied, and at the end of life stage, paper/cardboard were the most studied materials. Plastics were 713 

evaluated in all the life cycle stages except at the natural resources extraction and raw material production 714 

stages. 715 

 716 

The concept of substitutability lacks harmonization in the scientific literature, with some authors estimating 717 

it by considering multiple factors, while others focus on only one or two factors. This variation in 718 

conceptualization might lead to some inconsistencies in research findings and presents a challenge to achieve 719 

a unified understanding. 720 

 721 

Based on the findings, a step-wise framework to asses technical substitutability at different life cycle stages 722 

was developed to guide researchers in including substitutability in LCA studies. This considers the 723 

identification of the life cycles stages at which substitutability can be evaluated by looking at the research 724 

questions to be answered, the identification of available approaches to quantify substitutability for the 725 
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respective life cycle stage, and the required data to apply the approach(es) identified. The use of the framework 726 

can serve as a guidance to increase transparency and harmonization in the estimation of substitutability for 727 

LCA studies and thus improving their the reliability and comparability. 728 

 729 

Further recommendations were also proposed. First, it is advised to estimate technical substitutability 730 

considering not only physical-mechanical but also physical-processability and sensory properties. Second, 731 

more attention needs to be given to the consideration of the recycled material application. Third, if 732 

substitutability values are taken from an external source, these need to be carefully selected to be 733 

representative, by verifying that aspects such as the material evaluated, the application of the recycled material 734 

and the conditions considered for the calculation of the substitutability value, are the same as the ones in the 735 

study in which it is going to be used. Nevertheless, performing a sensitivity analysis is recommended when 736 

using substitutability values that are not based on primary data. Finally, due to the absence of considering the 737 

recycled material application, when applying economic-based substitutability, a sensitivity analysis should be 738 

carried out to ensure the representativeness of the results.  739 

 740 

Based on this work, it can be concluded that the concept of substitutability is as a crucial aspect within LCA 741 

studies involving secondary resources due to its potential large influence on the results. However, it becomes 742 

evident that further advancements and standardization are necessary to incorporate substitutability effectively 743 

into LCA, as various methods currently exist without a universally agreed-upon approach. Further research 744 

can be conducted on the substitutability of material in LCS preceding the use of the secondary material, i.e.at 745 

the natural resource extraction and the raw material production). This would be particularly useful within the 746 

context of chemical recycling of plastics for which substitution methods could be developed for intermediate 747 

products such as oil or naphtha. 748 
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Figure 1. Overview of the literature search and selection process 960 
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 961 

Table 1: Summary of aspects considered in the in-depth analysis. Between brackets is the number of categories evaluated within 962 

the aspects. 963 

ASPECTS CATEGORIES 

Materials studied (2) 1. Recycled material, 2. Substituted material 

Substitutability type (3) 1. Technical, 2. Economic, 3. Technical and economic 

Quantitative base for 
comparison (2) 

1. Technical: properties (including physical, physical-mechanical and physical-
processability)*, number of recycling cycles, 2. Market: Price ratio, market shares** 

Recycled material 
application considered 
(2) 

1. Yes, 2. No 

Origin of data (4) 1. Expert judgment, 2. Measured data, 3. Modelled data, 4. Market data: price ratio, 
market shares  

Methodological 
innovation (3)  

1. New approach, 2. Calculated, 3. Used 

Calculation complexity 
(3)  

1. Simple ratio, 2. Elaborated, 3. Part of a broader calculation 

Life cycle stage (5)  1. Natural resource extraction, 2. Raw material production, 3. Manufacturing, 4. Use, 5. 
EoL 

Recycling type (2) 1. Semi-Closed loop: substituted material substituted by the same recycled material in 
the same application, 
2. Open-loop: substituted material substituted by different recycled material or 
substituted material substituted by the same recycled material in a different application. 

*Applicable only when technical properties are considered. **Applicable only when market substitutability is considered 964 

 965 
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Figure 2: Relationship between consideration of the final application of the recycled material (rMaterial), the substitutability 966 

type (a), the recycling type (b) and methodological innovation (c) The presented values are the number of papers. 967 
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Table 2: Properties considered in the technical substitutability calculation for the different materials. The values presented 975 

between brackets are the number of articles. A single article can consider different properties, hence the number of properties can 976 

be higher than the total number of articles. *Others (6): density, thickness, molecular weight, interfacial tension, thermal 977 

conductivity, colour, haze, gloss, coefficient of friction, water vapor transmission and odour. N/A: The articles based their 978 

substitutability calculation only on market prices/shares and/or in the number of recycling cycles. 979 

MATERIAL PROPERTIES TYPE 
(QUANTITATIVE BASE FOR 

COMPARISON) 

PROPERTIES 

Plastics (39) Physical Mass (15) 

  Others (6)* 

 Physical- mechanical Tensile strength (4) 

  Elastic modulus (4) 

  Impact strength (3) 

  Strain at break (3) 

  Flexural modulus (1) 

  Yield strength(1) 

  Tear strength (1) 

 Physical- processability Ease of flow (2) 

 N/A (17)  

Paper/cardboard (13) Physical- mechanical Tensile strength (1) 

 N/A (12)  

Metals (6) Physical Mass concentration (2) 

 Others Recovery efficiency (2) 

 N/A (3)  

Wood (3) Physical Mass (1) 

 Physical- mechanical Elastic modulus (3) 

  Longitudinal bending strength (2) 

Others: tires, C&DW, glass, carbon 
fibers (6) 

Physical Mass (5) 

  Thermal conductivity (1) 

 Others Composition (2) 

 Physical- mechanical Tensile strength (1) 

 980 

 981 

 982 

 983 
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 984 

Figure 3: Point of substitution in life cycle and materials studied. The presented values are the number of papers. The values 985 

above the bars do not add up to the values below the graph because a single paper can study multiple materials. NRE: natural 986 

resource extraction; RMP: raw material production; MF: Manufacturing, EoL: End of life. 987 
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 992 

Figure 4. Technical substitutability can be evaluated at different LCSs. The light blue arrows represent where in the 993 

life cycle the rMaterial is compared to the sMaterial (i.e., where the substitutability calculation takes places). *Use: 994 

Includes articles in which the recycling process results in a component or final product ready for use by the consumer  or 995 

an intermediate product for further processing.   996 
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Table 3.  Framework to guide LCA practitioners on how to include technical substitutability in their studies based on the LCS where substitutability is evaluated.  1006 

LCS Step 1: Research question 
to be answered 

Step 2: Example equation  Step 3: Data requirements Exemplary studies Materials 

NRE  To what extent is it possible 
to replace natural resources 
(e.g., metal ore) with 
secondary resources (e.g., 
metal scrap)?  

𝐼𝑜𝑠 =
𝑋𝑖𝑆𝑅 × 𝑅𝑖𝑆𝑅
𝑋𝑖𝑁𝑅 × 𝑅𝑖𝑁𝑅

 

𝐼𝑜𝑠 : ore substitution index 

X𝑖 : content of target component (in 
secondary (SR) or natural resource (NR)) 
(%) 

R𝑖: recovery coefficient of target 
component (in secondary or natural 
resource) 

Adapted from Jandieri et al. (2022) 

• Recovery coefficient of the target 
component from the secondary and 
natural resource  

•Concentration of target 
component in secondary and in 
natural resource 

Hossain et al., 2017.  

Jandieri et al., 2022.  

 

Metals 

RMP How easy is it to transform 
the secondary resource (e.g., 
rNaphtha) (compared to the 
virgin one) into raw materials 
for manufacturing? 

𝐷𝐹 =
𝑉𝑆𝑅
𝑉𝑁𝑅

 

DF: Minimum dilution factor 
VSR: Value for certain parameter (s) (in 
secondary (SR) or natural resource (NR)) 
 
Adapted from Kusenberg et al. (2022)* 

•Characterization (composition) of 
secondary resource  

•Requirements (desired 
composition) for raw material 
production  

Kusenberg et al., 2022. * Plastics* 

MF  How easy is it to process the 
rMaterial (e.g., rPE) 
(compared to the sMaterial 
(e.g., PE) into specific 
applications?  

𝑅𝑄𝑝𝑟𝑜𝑐 = 𝑓(𝐹𝑖
𝑣𝑖𝑟, 𝐹𝑖

𝑟𝑒𝑐) 

RQproc: processability recycling quality 
factor 
f: scoring function (between 0 and 1) 
F: flow property of virgin and recycled 
materials  

Taken from Demets et al. (2021) 

•Application of the rMaterial 
 
•Range of desired value of 
processability property for a certain 
manufacturing method (the 
vMaterial falls in that range), as 
wells as the value for the rMaterial  

Demets et al., 2021.  

Golkaram et al., 2022. 

Plastics 
Metals 
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Use  To what extent is it possible 
to replace sMaterials (e.g., 
PE) with rMaterials (e.g., rPE) 
considering their functionality 
(physical, physical-mechanical, 
sensory properties) in certain 
applications? 

𝑅𝑄𝑚𝑒𝑐ℎ =∑𝑤𝑖 ∙ 𝑓(𝑃𝑖
𝑣𝑖𝑟 , 𝑃𝑖

𝑟𝑒𝑐)

𝑛

𝑖=1

 

RQmech: mechanical recycling quality 
factor 
wi: weighing factor 
f: scoring function (between 0 and 1) 
P: property of recycled and virgin 
material 

Taken from Demets et al. (2021) 

•Application of the rMaterial 

• Range of desired value of 
properties for certain application 
(the vMaterial falls in that range) 
and the value of that property for 
the rMaterial, or technical properties 
of the rMaterial and sMaterial. 

•Importance of properties for the 
application: weighing factors based 
on expert judgment  

Demets et al., 2021.  

Huysveld et al., 2022. 

Rigamonti et al., 2020.  

 

Plastics 
Wood 
Metals 
Paper 
 

EoL  How many recycling cycles 
can a material withstand 
without a significant drop in 
quality for a certain 
application? 

𝑇𝑆 = 1 −
1

𝑛𝑟𝑐 + 1
 

nrc: number of recycling cycles  

Based on Rigamonti et al. (2010) 

•The number of recycling cycles   Rigamonti et al., 2010  Paper 
Plastics 

*Although no previous studies were found that explicitly address the concept of "substitutability" of recycled materials by virgin ones during the RMP LCS phase, 1007 

Kusenberg et al. (2022) appear to be exploring a new method to determine substitutability at this stage.1008 
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