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Abstract 28 

Recycling of plastic waste is promoted by the European Union as an important 29 

step toward a circular economy. Recovered plastic waste is a complex and 30 

heterogeneous material, and the impurities and/or untargeted polymers 31 

associated to plastic waste may affect the recycling process and potentially 32 

decrease the intended benefits. An environmental and financial assessment was 33 

conducted on one tonne of hard plastic waste collected at Danish recycling 34 

centres. Three management scenarios were considered: two mechanical 35 

recycling (a simpler and a more advanced configuration, namely sMR and 36 

aMR) and a feedstock recycling (FR) scenario based on conversion through 37 

pyrolysis. Scenario aMR provided the largest savings in the highest number of 38 

impact categories (including global warming potential) and total costs; 39 

scenarios sMR and FR provided smaller savings (or even burdens), depending 40 

on the environmental impact category considered. A scenario analysis 41 

evaluating the type of energy provision, location of recycling facilities and the 42 

application of the recycled material confirmed the ranking of results with 43 

respect to global warming potential and total costs. A global sensitivity 44 

assessment of model data inputs demonstrated that three to nine parameters 45 

were typically sufficient to achieve more than 90% of total variance of the 46 

results; critical parameters were mainly related to sorting efficiencies, 47 

technical yields and market substitution factors. The study demonstrates that if 48 

high quality of the recycled plastic is achieved, both environmental savings 49 

and financial revenues are possible. 50 

Keywords: Circular economy; Life Cycle Assessment; Global Warming 51 

Potential; Global Sensitivity Assessment; contamination; material recovery 52 

facility 53 

Abbreviations 54 

eLCC: Environmental life cycle costing; EU: European Union; ET: terrestrial 55 

eutrophication; FU: functional unit; GWP: global warming potential; HDPE: 56 

high density polyethylene; HTc: human toxicity (cancer); HTnc: human 57 

toxicity (non cancer); LCA: Life cycle assessment; LCC: Life cycle costing; 58 

LDPE: low-density polyethylene; MRF: material recovery facility; MSWI: 59 

municipal solid waste incinerator; NIR: near infra-red; PET: polyethylene 60 

terephthalate; POFP: photochemical ozone formation; PP: polypropylene; PS: 61 

polystyrene; PVC: polyvinyl chloride; SC: sensitivity coefficients; SR: 62 

sensitivity ratios; TA: terrestrial acidification; TD: triangular distribution 63 
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1 Introduction  64 

Plastic represents a broad class of polymeric materials fulfilling a wide range 65 

of purposes in today’s society, depending on its mechanical and chemical 66 

properties, e.g. for packaging, construction materials, transportation, 67 

electronics, agriculture, etc. The European demand for plastic in 2016 was 57 68 

million tonnes (EC, 2018), of which 70% was made of six main polymers: 69 

polyethylene terephthalate (PET), high- and low-density polyethylene (HDPE 70 

and LDPE), polyvinyl chloride (PVC), polypropylene (PP) and polystyrene 71 

(PS). Plastic eventually becomes waste, which is estimated at about 25 million 72 

tonnes (in 2015; Plastic Europe, 2016) and about 10-15% of total municipal 73 

solid waste in Europe (e.g. Giugliano et al., 2011; Rigamonti et al., 2013; 74 

Miljøstyrelsen, 2014). About 85% of this plastic waste is made from the six 75 

polymer types mentioned previously (Villanueva and Eder, 2014). In Denmark, 76 

33000 tonnes of plastic waste are generated every year (Miljøstyrelsen, 2017a). 77 

To increase circular economy solutions and resource efficiency, the recycling 78 

of these materials is important. However, little attention has been paid to 79 

identifying the most appropriate recycling options from an environmental and 80 

financial perspective. 81 

The European Union (EU) promotes recycling as an important step toward a 82 

circular economy (EEA, 2016; EPRS 2016), and in early 2018 a strategy was 83 

released to address challenges related to plastic waste recycling (EC, 2018). In 84 

2015, EU Member States recycled 30% of plastic waste generated by 85 

consumers, i.e. post-consumer plastic waste (Plastic Europe, 2016). In 86 

Denmark, around 20% of post-consumer plastic waste is recycled, while the 87 

rest is incinerated (less than 5% is landfilled; Plastic Europe, 2016); only hard 88 

plastic waste (rigid products such as bottles and containers, pots, pipes, crates, 89 

toys, etc.; see definition in Appendix B) is generally recycled in Denmark. This 90 

relatively low recycling rate reflects a traditionally low coverage of separate 91 

collection for plastic waste in many municipalities (Miljøstyrelsen, 2017b; 92 

Sweco Danmark A/S, 2015) and the presence of a deposit-refund scheme for 93 

plastic bottles, which until recently was not accounted in the national recycling 94 

rates (DRS, 2015). In many parts of Denmark, recycling centres represent an 95 

important collection method for plastic waste (Larsen et al., 2010). Recycling 96 

centres are manned collection points where the waste is sorted into around 40 97 

material fractions. This collection method is used widely across the UK, 98 

Denmark, Norway and Sweden (Krook et al., 2010), with 44-50% of source-99 

separated post-consumer plastic waste collected from Danish recycling centres 100 
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in 2015 (Miljøstyrelsen, 2017b; Sweco Danmark, 2015). In the rest of Europe, 101 

recycling centres account for 10-15% of collected recyclables (Villanueva and 102 

Eder, 2014). As the composition and quality of collected plastic waste is 103 

affected by the collection system itself, specific attention has to be paid to 104 

materials originating from these recycling centres. Today, such studies are 105 

scarce in literature. 106 

An assortment of plastic recycling options exists, differing in number, type and 107 

sequence of processes. Recycling processes for plastic waste have been 108 

classified by the scientific literature and legislation standards as a) primary (re-109 

extrusion), b) secondary (mechanical recycling), c) tertiary (feedstock or 110 

chemical recycling) and d) quaternary (energy recovery) routes, according to 111 

the technology used and the output produced by the process (e.g. ASTM 112 

D5033; Brems et al., 2012; Ignatyev et al., 2014). While primary recycling 113 

routes are applied to pre-consumer (industrial) plastic only, due to the high 114 

level of homogeneity requested, traditionally secondary recycling routes have 115 

been the main option for processing post-consumer plastic waste. Secondary 116 

recycling involves sorting and reprocessing steps to produce single-polymer 117 

pellets, granulates or flakes for use in new plastic products. Tertiary routes 118 

represent technologies involving breaking down the polymer chains into 119 

smaller molecules. Technologies like hydrolysis and pyrolysis produce liquids 120 

that can be used in the production of new plastics, synthetic fibres, lubricants 121 

and fuels, or other products used by the chemical industries (Ignatyev et al., 122 

2014; Yu et al., 2016). Finally, quaternary routes involve any type of energy 123 

recovery. The European Waste Framework Directive (WFD) recognises as 124 

recycling only those processes producing outputs that can be used as secondary 125 

raw materials (EC, 2008). Mechanical recycling certainly falls into this 126 

category, whereas the classification of tertiary technologies depends on the 127 

final use of the product (Villanueva and Eder, 2014). Quaternary routes are not 128 

defined as recycling by the WFD and will not be addressed in this study. Table 129 

B.1 in the Appendix describes key differences between recycling routes.  130 

Recycling is generally accepted as a sustainable waste management strategy; 131 

however, plastic waste recycling is often more complicated than for other 132 

material fractions (e.g. glass and metals; Alwaeli, 2009; Rigamonti et al., 133 

2015). Difficulties arise mainly from presence of impurities that may act as 134 

technical, economic and/or market barriers to substitution of virgin plastic 135 

(RDC Environment, 2003). Impurities in plastic waste may be grouped into 136 

three classes: non-plastic components (foreign materials), non-targeted plastic 137 

(different polymers than the one targeted for reprocessing, including multi-138 
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plastic products and polymer blends) and chemical impurities (bound to the 139 

plastic matrix, such as pigments, additives, stabilizers, etc). In the EU, the 140 

presence and concentration of impurities is regulated in plastic products (i.e. 141 

“input” to the waste phase) and in the outputs from the reprocessing industry 142 

(the recyclates; EN 153-42 to -48; ISRI, 2017). Business-to-business 143 

specifications are also widely used (Villanueva and Eder, 2014). These 144 

standards reflect that impurities may have various consequences on mechanical 145 

recycling, from decreasing processing efficiencies, through lowering the 146 

mechanical performance of recyclates, to inclusion of unwanted (and 147 

potentially hazardous) chemicals in the product matrix. The purity of plastic 148 

waste is the primary factor determining the quality and economic value of 149 

recyclates (ISRI, 2017), and it is in turn dependent upon the type and number 150 

of sorting and reprocessing steps. The presence of impurities influences 151 

recycling costs not only in terms of investments in machinery required for 152 

sorting, but also in terms of potential revenues from selling the recycled 153 

materials: the lower the quality of the final product, the lower the revenues 154 

(e.g. Rigamonti et al., 2015; Villanueva and Eder, 2014). On the contrary, 155 

tertiary routes like pyrolysis can adapt to high levels of waste contamination 156 

(Brems et al., 2012; Lofti, 2003), can replace multipurpose products with 157 

material and energy application (Gear et al., 2018) and prevent the recycling 158 

of chemical impurities along with the plastic material, thus becoming an 159 

attractive choice (Yu et al., 2016).  160 

The selection of the plastic waste recycling route usually depends upon factors 161 

such as location, polymer type, product type, method of collection, presence of 162 

impurities, desired quality of the product and raw material prices offered by 163 

companies sorting or recycling the waste (Ragaert et al., 2017; Valentino, 164 

2016; Yu et al., 2016). The export of recyclables is common in Europe, as the 165 

plastic recycling industry is characterised by a large number of entities, each 166 

performing a certain role in the recycling chain, linked by market agreements 167 

which are very volatile and depend on “who-offers-more” as well as the price 168 

of virgin materials (Villanueva and Eder, 2014). The main European importers 169 

of plastic waste are Germany, the Netherlands, and Italy (EC, 2018). Although 170 

an international market for recyclables may promote more recycling, 171 

international exchange of recyclable materials may also reduce transparency 172 

and traceability of waste materials, thereby making more difficult the 173 

accounting of environmental impacts and total management costs.  174 

The environmental consequences of plastic waste recycling and management 175 

have been addressed through life cycle assessment (LCA) in numerous studies 176 
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in the literature, e.g. Al-Salem et al. (2014), Benavides et al. (2017), Eriksson 177 

and Finndevenn (2009), Ferreira et al. (2014), Gear et al. (2018), Rigamonti et 178 

al. (2014), Shonfield (2008) and Valentino (2016). Two reviews (Bernardo et 179 

al., 2016; Lazarevic et al., 2010) compared existing studies and concluded that 180 

generally mechanical recycling is the environmentally preferred management 181 

option. However, as the net environmental benefits provided by recycling 182 

processes cannot stand alone as a basis for decision-making, an evaluation of 183 

financial considerations is also required. This may be achieved through Life 184 

Cycle Costing (LCC), which allows for consistent and integrated evaluation of 185 

both environmental (LCA) and financial aspects (Martinez-Sanchez et al., 186 

2015; Swarr et al., 2011). Unfortunately, economic assessments focusing on 187 

recycling routes for source-sorted plastic waste are scarce in the literature (Lea, 188 

1996; WRAP, 2009). None of these studies involved LCA. Furthermore, none 189 

of the studies in literature have addressed plastic waste collected at recycling 190 

centres. 191 

Existing environmental assessments of plastic waste recycling in the literature 192 

have covered primarily plastic packaging collected at households, focusing 193 

only on a few polymer types (e.g. Arena et al., 2003; Da Cruz et al., 2012; 194 

Perugini et al., 2005), or have been included as a part of a broader waste system 195 

evaluation (e.g. Massarutto et al., 2011; Sadhukhan et al., 2016). Most LCA 196 

scenarios considered in these studies have addressed “macro-options” such as 197 

recycling vs. incineration vs. landfilling; only a few cases have reported 198 

detailed information about recycling processes (e.g. Shonfield, 2008). Existing 199 

economic analyses of plastic recycling have focused mainly on collection 200 

methods and approaches for increasing collection rates, as opposed to the 201 

recycling processes themselves (Beigl et al., 2004; Hage and Söderholm, 2008; 202 

Larsen et al., 2010; Massarutto et al., 2011). To improve plastic waste 203 

recycling further, specific focus on the environmental and economic 204 

performance of representative recycling options is needed while reflecting the 205 

actual composition and quality of plastic waste collected at recycling centres.  206 

The overall aim of this study is to provide an integrated environmental and 207 

financial assessment of key recycling routes for hard plastic waste from Danish 208 

recycling centres. The intention is to provide an improved basis for decision-209 

making in relation to plastic waste from recycling centres. This is achieved 210 

through environmental life cycle costing (eLCC) focusing on the following 211 

specific objectives: i) definition of arch-type recycling process configurations 212 

relevant for a European context, to illustrate key differences in approaches, ii) 213 

eLCC modelling of selected scenarios representing these arch-type recycling 214 



7 

configurations, iii) ranking of scenarios and identification of critical process 215 

parameters influencing the performance of each scenario, and iv) evaluation of 216 

the influence of the quality of post-consumer plastic waste on the results.  217 

2 Materials and methods 218 

2.1 Goal and scope definition 219 

In an eLCC a financial analysis is complemented by an LCA for the same 220 

system. Therefore goal, scope, functional unit (FU) and system boundaries of 221 

the LCA and LCC must be identical (Hunkeler et al., 2008). The FU adopted 222 

in the modelling was the management of 1 tonne of post-consumer hard plastic 223 

waste collected at recycling centres and with the following composition: 53% 224 

PP, 19% PE, 2% PET, 1% PS, 10% other polymers and 15% impurities 225 

(including PVC corresponding to 6% of total PW) (data from Miljøstyrelsen, 226 

2015, 2017b; Swaeco Danmark, 2015). Plastic films and PVC are collected 227 

separately from hard plastic at Danish recycling centres; any presence of these 228 

two plastic types was accounted for as misplacements (impurities) within the 229 

recycled plastic. The geographical scope was Denmark; the temporal scope was 230 

2017-2030. 231 

2.1.1  Definition of scenarios 232 

This study addresses “typical” European solutions for the management of post-233 

consumer plastic waste (i.e. leaving aside process details, as detailed 234 

evaluations have been provided in existing literature), therefore three arch-type 235 

system configurations were selected among those suggested in the literature 236 

(see Figure 1 and Appendix C for details): i) two mechanical recycling 237 

scenarios (one simple configuration and one involving a more advanced 238 

system) and ii) one feedstock recycling scenario (pyrolysis). The aim was not 239 

to include an exhaustive list of possible scenarios but rather to evaluate main 240 

types of recycling systems representing key differences in approach.  241 

Scenario 1: simple mechanical recycling (sMR)  242 

The plastic is sorted at a material recovery facility (MRF) comprising two near 243 

infra-red (NIR) scanners. The targeted plastic outputs are PP and PE, while the 244 

remaining part of the FU is incinerated. Other studies report HDPE and PET 245 

as MRF-targeted output (e.g. Sadhukhan and Martinez-Hernandez, 2017); 246 

however, in our case the PET fraction in plastic waste from recycling centres 247 

is too low to be targeted in a simple MRF. Recovered PP and PE enter 248 

individual reprocessing lines that include washing, grinding, ferrous and non-249 
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ferrous metal separation, floating and pelletizing into recycled pellets 250 

substituting for virgin counterparts.  251 

Scenario 2: advanced mechanical recycling (aMR)  252 

The plastic is sorted at an MRF comprising a range of steps: manual sorting 253 

(aiming at separating PVC and impurities from the main stream), shredding, 254 

sieving, ferrous and non-ferrous metal separation and four NIR scanners. The 255 

targeted outputs are PP, PE, PET and PS. PVC and metal impurities separated 256 

out from the plastic flows are sent to further processing and recycling. Any 257 

remaining materials are incinerated. The plastic reprocessing steps include 258 

grinding, washing, drying and pelletizing into recycled pellets that substitute 259 

for corresponding virgin materials.  260 

Scenario 3: Feedstock recycling (FR)  261 

The plastic undergoes a manual sorting step whereby PVC is separated from 262 

the main stream (PVC must be < 2 % of the input to avoid processing problems 263 

 264 

Figure 1. System boundaries for scenarios sMR (simple mechanical recycling), aMR 265 
(advanced mechanical recycling) and FR (feedstock recycling). Elec = electricity; NIR= near 266 
infra-red separator; MSWI = municipal solid waste incinerator. Light-grey boxes represent 267 
processing steps; dark-grey ovals represent co-products; white-dashed boxes represent 268 
avoided processes. 269 
 270 
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(Al-Salem et al., 2014; Elli and Pagani, 2017)). After being shredded to the 271 

right dimension (10 to 100 mm) and separated from metals, the pre-treated 272 

plastic waste is fed to a pyrolysis chamber. The waste is heated without oxygen 273 

until it breaks down into oils and gases, leaving a residue (char) rich in carbon 274 

and inorganic content from the original waste (Astrup and Bilitewski, 2010). 275 

The yield of gas and liquids depends on the specific pyrolysis system and the 276 

molecular composition of the plastic feedstock (Benavides et al., 2017), but 277 

generally exceeds 70% by weight (Alston and Arnold, 2011). Although not 278 

included herein, due to lack of data, some pyrolysis plants involve the use of 279 

catalysts to improve process efficiency (Benavides et al., 2017; Elli and Pagani, 280 

2017). As catalyst amounts are low compared to the treated plastic (about 0.7% 281 

per weight) and can be regenerated many times (Benavides et al., 2017), this 282 

omission is found reasonable. The oil is used as secondary raw material 283 

displacing crude oil; the steam is utilised on-site to heat the pyrolysis chamber. 284 

2.1.2 System boundaries 285 

The system focuses on the sorting and reprocessing parts of the plastic waste 286 

recycling chain. Therefore, the system boundaries (Figure 1) start by unloading 287 

the collected PW at the MRF and end at the point of substitution of secondary 288 

materials or final management of any residual fractions. This excludes the 289 

collection phase at the recycling centres and transport between recycling 290 

centres and the MRF; these are identical for all scenarios and the exclusion has 291 

no consequences for the comparison between scenarios. For the two scenarios 292 

involving mechanical recycling (sMR and aMR), the model ends with the 293 

substitution of virgin plastic pellets. Similarly, the pyrolysis scenario (FR) ends 294 

by substituting crude oil based on the generated pyrolysis oil; further upgrading 295 

of the pyrolysis oil was assumed similar to the substituted crude oil and not 296 

included in the assessment. 297 

2.2 Assessment method 298 

The environmental and financial assessments followed a consequential 299 

approach to support decision-making and reflect potential changes in the 300 

management of plastic waste (Weidema et al., 2009; ISO14044, 2006). Co-301 

products relative to the functional unit were addressed by system expansion 302 

and substitution (ISO 14040, 2006). The modelling was carried out with the 303 

dedicated waste LCA model EASETECH developed by DTU Environment, 304 

Technical University of Denmark (see Clavreul et al., 2014; Martinez-Sanchez 305 

et al., 2015). 306 
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2.2.1  Environmental assessment 307 

The impact assessment followed the ILCD recommended method 2013 308 

(Hauschild et al., 2013). Assessed impact categories included: global warming 309 

potential (GWP100), human toxicity (cancer, HTc, and non-cancer, HTnc), 310 

photochemical ozone formation (POFP), terrestrial acidification (TA), and 311 

terrestrial eutrophication (ET). No normalisation or weighting was applied. In 312 

the interpretation of results emphasis was placed on GWP, as this impact 313 

category is based on widely accepted concepts and well-established 314 

characterisation factors. Detailed results for all impact categories can be found 315 

in Appendix H. 316 

2.2.2  Financial assessment 317 

The financial part of the eLCC addressed monetary flows associated with the 318 

FU (i.e., how costs and revenues were affected by the FU as represented by the 319 

individual scenarios). As the assessment was not intended to evaluate monetary 320 

flows between concrete actors within the recycling chain, it was assumed that 321 

all necessary services were provided by a single actor. The assessment included 322 

budget costs and transfers but did not include externalities, according to 323 

Hunkeler et al. (2008). Budget costs included capital costs (expenditure for 324 

machinery, maintenance of equipment) and operational costs (manpower 325 

wages, energy and material consumption). Transfers included taxes, subsidies 326 

and fees applied to the recycling chain (mainly energy taxes, emission taxes, 327 

salary taxes and social security taxes). Costs were obtained for 2017 as a 328 

reference year. Please refer to Martinez-Sanchez et al. (2015) for further 329 

methodological details related to the LCC of waste management systems.  330 

2.3 Uncertainty, sensitivity and scenario analysis 331 

A number of approaches is available in the literature for sensitivity and 332 

uncertainty analysis (e.g. Clavreul et al., 2012; Groen et al., 2014; Laurent et 333 

al., 2014). In this study, uncertainty on the foreground system (including waste 334 

management activities) was addressed through global sensitivity assessment, 335 

which is not commonly used within waste management LCAs and was 336 

demonstrated to allow identifying important aspects governing LCA results 337 

(Bisinella et al., 2017); uncertainty on the background system (interacting with 338 

the foreground system by supplying energy and material inputs, including 339 

avoided energy and virgin material production) was addressed by scenario 340 

analysis.  341 
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2.3.1  Uncertainty analysis 342 

In order to define the uncertainty associated with the input values, inventory 343 

data were inserted as ranges by defining all parameters describing the 344 

foreground system as probability distributions (Bisinella et al., 2017). Due to 345 

the diversity of the information available in the scientific literature, triangular 346 

distributions of the type TD (min,max,mode) were assumed. When the mode 347 

(the value appearing most often) could not be calculated, the median (the value 348 

separating the higher half from the lower half of the data sample) was used 349 

instead. The mode/median represented the baseline value used in the model, 350 

while the entire distribution was used for uncertainty propagation, where 351 

uncertainties associated with each input parameter were propagated to 352 

calculate the uncertainty associated with the results. Based on Monte Carlo 353 

analysis, input values were sampled from the probability distribution 354 

associated with each parameter, and the results were calculated following the 355 

approach of Bisinella et al. (2016).  356 

2.3.2  Sensitivity analysis 357 

Sensitivity analysis identifies how results vary as a consequence of a change 358 

in input values (Bisinella et al., 2016). It comprises a perturbation analysis, 359 

which is performed by increasing each parameter by 10% of its value in a “one-360 

at-a-time” manner while keeping all other parameters fixed at their baseline 361 

values. Results from the perturbation analysis enable the calculation of 362 

sensitivity coefficients (SCs) and sensitivity ratios (SRs) associated with each 363 

parameter (Equations F.1 and F.2 in Appendix F). While the calculation of SRs 364 

provides information about the sensitivity of the model to each parameter, SCs 365 

are used to calculate and rank the contribution of individual parameters to total 366 

variance, thereby evaluating the importance of individual parameters relative 367 

to the results and on this basis identifying the most critical parameters. 368 

2.3.3  Scenario analysis 369 

A range of assumptions regarding the background system were necessary in 370 

order to complete the modelling: i) the type of energy provision, ii) the 371 

geographic location of facilities, and iii) the materials substituted by the 372 

recycled products. The robustness of the model to these assumptions was tested 373 

by scenario analysis. In the baseline situation, marginal electricity production 374 

was assumed to consist of wind and biomass and marginal heat production to 375 

represent natural gas boilers. In the scenario analysis, one “fossil” alternative 376 

was evaluated. Two alternative geographic locations for the facilities were 377 

evaluated in addition to the baseline situation (Denmark): Germany (scenarios 378 
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“sMR-DE”, “aMR-DE”, and “FR-DE”) and Italy (scenarios “sMR-IT”, “aMR-379 

IT”, and “FR-IT”), as the two major importers of plastic waste in Europe. 380 

Regarding the selection of substituted virgin materials, an alternative situation 381 

for the sMR scenario was evaluated with the assumption that recycled plastic 382 

pellets substituted wood plastic composites (WPC) instead of virgin plastic 383 

pellets (scenario “sMR-WPC”). This alternative reflected a situation in which 384 

the purity of the separated plastic entering the reprocessing step was too low 385 

to ensure substitution of virgin polymers into pure plastic applications 386 

(Villanueva and Eder, 2014). Appendix G presents an overview of the 387 

considered parameters and their variations. 388 

2.4 Life cycle inventory 389 

Data applicable to Denmark were used when available; otherwise European 390 

data were applied.  391 

2.4.1  Operational data 392 

A clear relationship between operational parameters (sorting efficiencies, 393 

technical yields, substitution factors, energy and material consumption) and 394 

MRF/reprocessing facility configurations (number and types of individual unit 395 

processes) could not be found in the available literature. Therefore, data ranges 396 

were identified for relevant operational parameters and divided into two 397 

subintervals: a lower interval [min; mode] representing the simple MRF and 398 

an upper interval [mode; max] for the advanced MRF. As such, two 399 

subintervals representing individual distributions were defined for each 400 

parameter. The means for each of these subintervals (a "lower" mean and an 401 

"upper" mean) were used as baseline values in the sMR and aMR scenarios, 402 

respectively. 403 

Table 1 lists the baseline values for sorting efficiencies, technical yields and 404 

market substitution factors of targeted polymers adopted in the sMR and aMR 405 

scenarios, as well as conversion efficiencies adopted in the FR scenario. The 406 

marginal electricity provision for Denmark was calculated according to Muñoz 407 

et al. (2015) with data from EC (2016) and consisted of 61% wind energy and 408 

39 % energy from biomass. All residual fractions from the MRF (including 409 

unrecovered plastic and impurities) were assumed incinerated at MSWI with 410 

electricity and heat recovery (fly and bottom ashes were assumed landfilled, 411 

while iron scrap recovered from bottom ashes was assumed recycled). In the 412 

case of the feedstock recycling (FR) scenario, pyrolysis char was assumed 413 

landfilled. A large number of publications was used as data sources: see 414 

Appendix D and E for a full list of included inventory data and processes.  415 
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Table 1. Baseline values for sorting efficiencies, technical yields and market substitution 416 
factors adopted in scenarios simple mechanical recycling (sMR), advanced mechanical 417 
recycling (aMR) and feedstock recycling (FR). Additional information is provided in Table 418 
D.1. 419 

Polymer 
Sorting 
efficiency 

Technical 
yield 

Market substitution 
factor 

Scenario sMR 

PP 55% 69% 0.48 

PE 62% 76% 0.66 

Total recovery  36%  

Scenario aMR 

PP 81% 86% 0.83 

PE 84% 91% 0.91 

PET 65% 88% 0.95 

PS 65% 77% 0.66 

Total recovery  67%  

Scenario FR 

Crude oil - 80% 0.90 

Steam - 12% 1.00 

 420 

2.4.2  Cost data 421 

Cost data were retrieved from scientific literature and reports, converted to 422 

€/tonne of treated material as described in Martinez-Sanchez et al. (2015; 423 

2016), and inserted as triangular distributions when possible. All budget costs 424 

were annualised and related to the annual capacity of the relevant facility, 425 

assuming 15000 tonnes/year (Clean, 2017). The cost of machinery was 426 

normalised by the annual usage rate of the machinery (Martinez-Sanchez et al., 427 

2015). Discounting of future costs and benefits were not included, according 428 

to Larsen et al. (2010). The price of recyclable plastic was obtained by 429 

multiplying the market substitution factor with the price of the virgin 430 

counterparts. Transfers included energy taxes, emission taxes, salary taxes and 431 

social security taxes. Taxes on energy consumption excluded refundable taxes, 432 

levies and VAT that generally can be recovered by non-household users 433 

(Eurostat, 2017a; 2017b). Environmental taxes on energy included energy 434 

taxes, CO2 taxes, NOx taxes but not Public Service Obligation taxes as these 435 

are expected to be phased out within 2022 (IEA, 2017). VAT on capital goods 436 

was not included as this is typically recovered by business entities. Corporate 437 

income taxes were likewise excluded as most waste management facilities in 438 

Denmark are publicly owned and not allowed to generate profits. As costs 439 
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related to collection and transport prior to the MRF were beyond the 440 

assessment scope, these costs were not included (see Section 3.2). Detailed 441 

inventory cost data can be found in Table D.7 in Appendix D.2. 442 

3 3. Results and discussion  443 

3.1 Environmental assessment 444 

The characterised impacts from the three scenarios are shown in Figure 2 for 445 

selected impact categories (results for additional categories are provided in 446 

Table H.1); the error bars represent variability in impact scores associated with 447 

uncertainty in the input data. Considering data uncertainties, scenario aMR 448 

provided significantly lower net impacts in all impact categories. While 449 

scenarios sMR and FR generally had higher impacts than scenario aMR, 450 

scenario sMR had significantly lower impacts than FR in four out of six impact 451 

categories. Across all impact categories and accounting data uncertainties, the 452 

scenario rank order was: 1) aMR, 2) sMR and 3) FR. While the error bars in 453 

Figure 2 indicate a wide range of potential impact scores for the individual 454 

scenarios, differences between individual scenarios for most of the impact 455 

categories were significant (except in the case of HTnc). This indicates that the 456 

conclusions regarding environmental impacts are relatively robust in view of 457 

known parameter uncertainties. 458 

For scenario aMR, net savings (excluding uncertainty) in HTc and TA were 459 

239% and 203% larger, respectively, compared with scenario sMR, and 74% 460 

and 326% larger compared with scenario FR. Consistent savings were observed 461 

for the impact categories POFP, GWP and ET, where the savings from scenario 462 

aMR were always at least 159% larger than scenarios sMR and FR. The process 463 

that contributed the most in the majority of impact categories was material 464 

substitution for scenarios sMR and aMR and the pyrolysis process itself in 465 

scenario FR. The difference between scenarios aMR and sMR (typically 466 

ranking second) was due to lower substitution of virgin plastic, because of 467 

lower recoveries and lower substitution factors associated with a lower quality 468 

of the recovered plastic.  469 

In terms of GWP, the results showed that only scenario aMR provided savings 470 

(-717 kg CO2eq/FU), whereas scenarios FR and sMR resulted in a net burden 471 

to the environment (374 and 940 kg CO2eq/FU respectively). This ranking of 472 

scenarios is in accordance with a UK study (Al-Saleem et al., 2014) demon- 473 
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 474 

Figure 2. Characterised results for scenarios simple mechanical recycling (sMR), advanced 475 
mechanical recycling (aMR) and feedstock recycling (FR). “Other” in the legend includes 476 
landfill and building of facilities. GWP: global warming potential; POFP: photochemical 477 
ozone formation; TA: terrestrial acidification; ET: terrestrial eutrophication; HTc: human 478 
toxicity, cancer effects; HTnc: human toxicity, non-cancer effects; MSWI: municipal solid 479 
waste incinerator. Yellow diamonds represent net results; error bars represent the min and 480 
max results from the Monte Carlo analysis. See also Table H.1. 481 
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strating that if the recycling chain (MRF + reprocessing) had a substitution 483 

factor below 0.5, the pyrolysis technology would be environmentally 484 

preferable. Rigamonti et al. (2014) obtained results in the same order of 485 

magnitude for two mechanical recycling scenarios, while Shonfield (2008) 486 

demonstrated that mechanical recycling of PP, PE, PET and PVC would save 487 

around 500-700 kg CO2eq/tonne of plastic waste. Shonfield (2008) and Al-488 

Saleem et al. (2014) found a net load of 30-100 kg CO2eq/tonne plastic for a 489 

pyrolysis scenario, considering the replacement of paraffin and naphta, while 490 

Gear et al. (2018) provided results of 1-62 kg CO2/tonne plastic for a thermal 491 

cracking option, depending on the replaced product. 492 

Avoided virgin material production was the largest contributor to GWP savings 493 

in scenario aMR (59% of total impacts), while in scenarios sMR and FR this 494 

accounted only for 15% and 11% of total impacts, respectively. Indeed, the 495 

simpler configuration of the MRF in scenario sMR increased the presence of 496 

untargeted polymers in the mixture to be recycled (the PP-stream and the PE-497 

stream included 10% and 25% of untargeted polymers that were incorrectly 498 

sorted). When this happens, the recycler reprocesses the (impure) mixture at 499 

the highest melting point of the polymers, causing the degradation of 500 

components with lower melting points and the formation of burnout solids 501 

(Ragaert et al., 2017): the market substitution factor in the modelling lowered 502 

to take into account that these elements are undesirable in recycled materials, 503 

as they interrupt the structure of final products and reduce mechanical 504 

properties.  505 

The largest contributor in scenario sMR was incineration which constituted 506 

67% of the environmental impacts. This was an indirect effect of the low 507 

sorting efficiencies at the MRF (mainly due to the presence of a single 508 

technology handling a very heterogeneous mix) and of the low reprocessing 509 

yields (due to softening, surface contamination and biodegradation processes), 510 

causing 641 kg of the FU to be sent to energy recovery. As the baseline 511 

situation mainly included natural gas for heat production, CO2 emissions from 512 

incineration (14% of total GWP impacts) were not outbalanced by avoided 513 

emissions from substituted energy production. Similar results have been 514 

documented by other studies (e.g. Alston and Arnold, 2011; Rigamonti et al., 515 

2014). For the same reason, CO2-eq emissions from the pyrolysis process 516 

represent an important contribution (71% of total impacts). From a climate 517 

impact perspective pyrolysis may therefore be similar to incineration 518 

processes; this supports the classification as tertiary recycling only when the 519 
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final product is used in material applications (new plastic, lubricants, etc.; 520 

Villanueva and Eder, 2014). 521 

3.2 Financial assessment 522 

Scenario aMR was the only scenario providing net financial savings (-90 523 

€/FU). Scenarios FR and sMR ranked second and third, representing net costs 524 

of 16 €/FU and 87 €/FU respectively (Figure 2).  525 

Avoided virgin material production was the largest contributor to the results 526 

(29%, 50% and 31% in scenarios sMR, aMR and FR respectively) and 527 

determined the net savings in scenario aMR: even if budget costs of aMR were 528 

larger compared to scenarios sMR and FR (+182% and +202% respectively), 529 

they were off-set by larger revenues provided by selling recycled pellets 530 

(+301% and +323% respectively). These revenues were larger in scenario aMR 531 

than in sMR not only because a larger quantity of plastic waste was processed 532 

into recycled pellets (671 kg in scenario aMR vs 359 kg in scenario sMR), but 533 

also because better material quality was obtained in scenario aMR than in sMR, 534 

resulting in higher homogeneity at the polymer level, which was reflected by 535 

higher prices. On the other hand, scenario sMR allowed larger revenues from 536 

electricity and heat production from energy recovery (+256%) than scenario 537 

aMR, albeit such revenues were outbalanced by incineration and landfilling 538 

costs from handling residues. The results demonstrated that insufficient sorting 539 

in scenario sMR may lead to a recovered plastic mixture for which recycling 540 

is not economically feasible (see also Section 3.3), as also suggested by 541 

Villanueva and Eder (2014). Ragaert et al. (2017) also reported that insufficient 542 

sorting can increase the total costs of recycled resins. When the quality of 543 

recycled pellets is not high enough to compete in the market, possible solutions 544 

include filler (e.g. talc) addition, compatibilisation, or virgin resins addition 545 

(Ragaert et al., 2017; Sommerhuber et al., 2016; Vazquez and Barbosa, 2016), 546 

which may increase costs further. Revenues from scenario FR came from 547 

substituting crude oil and heat (31% and 18% of total financial impacts, 548 

respectively). However, the pre-treatment and processing of plastic waste 549 

represented 14% and 33% of financial impacts respectively, leading to net 550 

costs for the FR scenario. Other studies have reached similar conclusions and 551 

reported that plastic waste pyrolysis is cost-effective only in the case of large 552 

facility capacities (e.g. Axion Consulting, 2014; Yu et al., 2016).  553 

Overall, the budget costs represented larger contributions than transfers (93%, 554 

95%, and 92% of absolute results in scenarios sMR, aMR and FR respectively). 555 

Taxes on labour costs represented the main part of transfers; environmental 556 
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taxes on energy consumption were almost negligible overall. Uncertainty in all 557 

input data made results vary between 40 and 141 EUR/FU, between -158 and 558 

-41 EUR/FU, and between -33 and 64 EUR/FU for scenarios sMR, aMR and 559 

FR respectively. While the observed variability in financial results represents 560 

the quality of input data, it also illustrates the importance of systematically 561 

including financial costs as part of an integrated assessment of recycling 562 

solutions – in view of the potential political sensitivity of decision-making.  563 

As collection is not included in the assessment, total costs were smaller than 564 

identified by other studies (RDC Environment, 2003; Massarutto et al., 2011). 565 

However, collection and transport have been shown previously to have minor 566 

financial importance in the case of recycling centres (Larsen et al., 2010). 567 

Overgaard et al. (2018) documented the price for reprocessing Danish hard 568 

plastic waste to pellets (details unknown) at 80 EUR/tonne plastic waste, which 569 

is very similar to our result for scenario sMR. The obtained results were 570 

compared with the “management fee” that Danish waste collectors have to pay 571 

for treatment of plastic waste. Based on a range of Danish waste collectors, 572 

typical fees are estimated to be in the range of 0-200 €/tonne plastic waste. 573 

While this range includes the results found for scenarios sMR and FR (although 574 

pyrolysis plants are not common in Europe), the large variability in prices also 575 

illustrates the volatility of the recycled plastic market. As scenario aMR 576 

indicates net savings, and considering the substantial variability in MRF 577 

performance across Europe, current Danish management fees suggest that 578 

considerable improvements should be possible. This also indicates that by 579 

moving toward higher quality in terms of output and recycling, the 580 

management fees could be lowered or turned negative, i.e. representing a 581 

revenue for municipalities collecting plastic waste, as it is now the case for 582 

metals.  583 

3.3 Sensitivity and scenario analysis 584 

3.3.1  Importance of process parameters 585 

The contribution of individual parameters to the overall variance of the results 586 

is illustrated in Figure 3, including the information about the three most critical 587 

parameters for each scenario. Overall, three to nine parameters were sufficient 588 

to achieve more than 90% of the total variance in the environmental and 589 

financial results, although for some impact categories and scenarios only three 590 

parameters were sufficient (e.g. GWP and ET). Scenarios sMR and FR 591 

appeared to be affected by fewer parameters than aMR. This difference 592 

depended partly on the scenario modelling itself, but also on the complexity of  593 
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 594 

Figure 3. Contribution of individual parameters to overall variance of environmental and 595 
financial results (top to bottom: scenarios sMR, aMR and FR). Values in the legend represent 596 
the three most important parameters per impact category and the share of variance covered 597 
by the corresponding parameter type. GWP: global warming potential; POFP: photochemical 598 
ozone formation; TA: terrestrial acidification; ET: terrestrial eutrophication; HTc: human 599 
toxicity, cancer effects; HTnc: human toxicity, non-cancer effects; TY: technical yield; SE: 600 
sorting efficiency; SF: substitution factor; PP: polypropylene; PE: polyethylene; DM: 601 
distance to MRF; DR: distance to recycling; EE: electricity efficiency at MSWI; vPP: virgin 602 
PP price; ExP: price of extruder; vPE: virgin PE price; CO2: carbon dioxide emissions at 603 
pyrolysis plant; St: steam; EC PYR: energy consumption at pyrolysis plant; O: oil; GS: gas 604 
share in energy consumption at pyrolysis plant; OP: oil price. 605 
 606 
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the technologies within the scenarios. The relatively few parameters 607 

representing most of the total variance indicate that the best possible quality of 608 

these data should be ensured, and that research efforts improving related 609 

technology aspects are important. In this study, these parameters relied on data 610 

from a review of 9-17 studies (see Tables D.1 and D.2). Data in the legend 611 

refer to the first three data points in Figure 3 for a specific impact category and 612 

scenario (see also Appendix I for additional results): for most impact categories 613 

the more contributing parameters were related to sorting efficiency, technical 614 

yield and market substitution factor. 615 

As the market substitution factor may be challenging to estimate (see also 616 

Vadenbo et al., 2017), Figure 4 shows the effect on GWP and total costs when 617 

this parameter varies between 0 and 1. The value for the market substitution 618 

factor could determine whether the final results were positive or negative, most 619 

prominently for the financial assessment and for scenario aMR (steeper 620 

relationships). This clearly illustrates that the financial viability of recycling 621 

depends on the market acceptance of the recycled pellets, as all scenarios 622 

achieved net financial revenues in case of market substitution factors above 623 

0.6-0.7. Market aspects such as image, risk of failure, poor characteristics 624 

(odours, touch, appearance), difficulty in guaranteeing capacity and demand, 625 

legislative barriers may significantly influence the acceptance of recycled 626 

pellets (RDC Environment, 2003). While some of these challenges may be 627 

addressed (poor image can be reversed and legislation may change), others may 628 

constrain the recycled plastic market. This demonstrates that both 629 

environmental and financial assessments should include the market 630 

substitution factor as a parameter distribution rather than a single value.  631 

It is important to realise that linearity between selling prices and quality of 632 

recyclates is often assumed (as in this study, see Section 2.4.2). However, the 633 

linearity between the two variables may not apply or may be "interrupted" at 634 

some point, so that recycled pellets are sold with no revenues when the quality 635 

decreases below a certain threshold, as in the case of municipal subsidies for 636 

collection of recyclables that fall to zero in the case of large contamination of 637 

the collectables (Rigamonti et al., 2015). If this is the case also for raw material 638 

substitution, the economic expenditure required for scenario sMR could be 639 

even higher. However, as LCC and LCA must share the same methodological 640 

approach, and as no evidence could be found that such a relation exists for 641 

Danish plastic waste, an identical substitution factor was applied to both parts 642 

of the assessment. 643 
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 644 

Figure 4. Behaviour of Global Warming Potential (solid lines; left-hand axis) and total costs 645 
(dotted lines; right-hand axis) with decreasing degree of virgin plastic substitution. 646 

As Figure 3 illustrates, financial results depended largely on the price of the 647 

substituted virgin plastic. In this study a price of 1200 €/tonne was chosen as 648 

a baseline, but it is important to remember that this value is closely linked to 649 

oil prices which are extremely volatile. Decreasing oil prices will decrease the 650 

price of virgin resins, and prices of recycled pellets would have to decrease 651 

accordingly in order to be competitive; however, the cost of recycling would 652 

remain constant. Changes in financial results when decreasing the price of 653 

virgin resins to 1000 €/t are substantial: +63% in scenario sMR (109 EUR/FU) 654 

and +47% in scenario aMR (-65 EUR/FU). 655 

3.3.2  Importance of boundary conditions and background system 656 

Results from scenario analyses are provided in Figure 5 for GWP and financial 657 

costs. The ranking of scenarios did not change when the energy provision 658 

changed to fossil sources: scenarios FR and aMR were affected only slightly 659 

by this choice (-15% and +8% of emissions respectively). In this situation, the 660 

use of thermal energy in the pyrolysis process (natural gas) became important, 661 

and the larger savings in scenario aMR provided by energy substitution from 662 

incineration were outbalanced by larger emissions from energy consumption 663 

for sorting and processing plastic waste. Emissions in scenario sMR were 84% 664 

smaller than in a renewable energy system, due to the large savings from 665 

recovery of energy replacing fossil fuels. In this situation, increased attention 666 

must be given to the choice of electricity and heat efficiencies, as electricity 667 
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efficiency was one of the main parameters in the baseline modelling (see Figure 668 

3), and changing to a fossil-based electricity mix will increase the importance 669 

of this parameter. In Europe, electricity and heat recovery at waste incinerators 670 

typically range between 6-28% for electricity and 6-74% for heat (Alston and 671 

Arnold, 2011; Eriksson and Finndeven, 2009; Turconi et al., 2011). 672 

The scenario analysis on the location of the recycling process demonstrated 673 

that exporting plastic waste resulted in higher GHG impacts and total costs. 674 

The increase in GWP can be explained by three factors: transporting plastic 675 

waste for longer distances, non-renewable energy in the country-specific 676 

electricity mix, and smaller credits obtained from the substitution of energy 677 

due to lower energy recovery efficiencies. The main financial contributor was 678 

transportation cost which increased from 5%, 3% and 3% in scenarios sMR, 679 

aMR and FR to 26%, 17% and 28% in scenarios sMR-IT, aMR-IT and FR-IT 680 

and to 13%, 8% and 12% in scenarios sMR-DE, aMR-DE and FR-DE 681 

respectively. As also reported by Groot et al. (2014), the lightness and 682 

bulkiness of plastic makes cost-effective transport challenging. Nevertheless, 683 

the ranking of financial results resembles the baseline case: scenario sMR 684 

shows a net expenditure (109 EUR/FU in both scenarios sMR-IT and sMRF-685 

DE), scenario aMR provides consistent savings (-216 EUR/FU in scenario 686 

sMR-IT and -316 EUR/FU in scenario sMR-DE), and scenario FR is close to a 687 

financial zero (-3EUR/FU in scenario sMR-IT and -6 EUR/FU in scenario 688 

sMR-DE). However, if transportation costs are assumed associated to the 689 

exporting country (i.e Denmark), then depending on the choice of the recycling 690 

scenario the importing country may bear a cost or obtain revenues, while the 691 

exporting country may always bear a cost. 692 

 693 

Figure 5. Global Warming Potential 100 (left-hand graph) and total costs (right-hand graph) 694 
results for scenario analysis on the provision of electricity (red cross symbol), the geographic 695 
location of the facility (black triangular symbol and grey circle symbol), and the substitution 696 
of WPC (grey square symbol). 697 
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The last system assumption investigated by scenario analysis evaluated the 699 

results for scenario sMR in case the recycled pellets were used in wood plastic 700 

composites (WPC) rather than recycling into plastic products. The results from 701 

the environmental assessment did not change, as the substituted material 702 

(virgin plastic pellet) did not change. However, the total costs increased from 703 

65 EUR/FU in the baseline scenario to 229 EUR/FU in scenario sMR-WPC 704 

(+252%). This increase was caused by the lower prices that recycled pellets 705 

reach as raw material for the production of WPC (or other types of composites): 706 

the plastic is used as filler and its aesthetics/purity are less important compared 707 

with "pure" plastic application. This clearly illustrates that higher overall costs 708 

may be associated with recovering and recycling lower-quality plastic. 709 

4 Conclusions 710 

Drawing upon the comparison of three key arch-types of hard plastic waste 711 

recycling routes (two mechanical recycling scenario characterised by a simpler 712 

– sMR – and a more advanced – aMR – technology, respectively and one 713 

feedstock recycling scenario by pyrolysis – FR) we showed that quality-714 

oriented recycling is preferable from both an environmental and financial 715 

assessment perspective. Scenario aMR provided the largest savings in the 716 

highest number of impact categories, including global warming potential 717 

(GWP). Scenario sMR typically ranked second, apart from the case of GWP 718 

were the pyrolysis alternative appeared more beneficial than a simple material 719 

recovery facility (MRF) treatment due to considerable emissions from 720 

incinerating a large amount of plastic rejects. Scenario aMR also provided the 721 

lowest total costs (negative costs), followed by FR and sMR scenarios (positive 722 

costs). The results demonstrated that if high quality of the recycled plastic is 723 

achieved, then both environmental savings and financial revenues are possible. 724 

Therefore, an advanced MRF treatment should be preferred for management of 725 

hard plastic waste from recycling centres. Typically, three to nine model 726 

parameters were sufficient to account for more than 90% of the total variance 727 

in the results: increased efforts should be put to model such parameters 728 

correctly, as the results will be largely dependent on them. The most important 729 

parameters in the highest number of impact categories were related to sorting 730 

efficiencies, technical yields and market substitution factors; these parameters 731 

should be addressed specifically (i.e. maximised) when increasing the 732 

environmental and financial savings is targeted. The ranking of scenarios was 733 

found to be robust with respect to assumptions on energy provision, location 734 

of recycling facilities and application of the recycled material (addressed by 735 
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scenario analysis). The resource quality was identified as a driving force 736 

towards economically and environmentally sustainable recycling, indicating 737 

that from a circular economy perspective "better recycling" may be preferable 738 

over "more recycling". 739 
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