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Abstract: This paper concentrates on the quantification of greenhouse gases (GHG) emissions 13 

of post-consumer plastic waste recovery (material or energy) by considering the influence of the 14 

plastic waste quality (high or low), the recycled plastic applications (virgin plastic substitution 15 

or non plastic substitution) and the markets of recovered plastic (regional or global). The aim is 16 

to quantify the environmental consequences of different alternatives in order to evaluate 17 

opportunities and limitations to select the best and more feasible plastic waste recovery option 18 

to decrease the GHG emissions.  We integrate the methodologies of material flow analysis 19 

(MFA) for a time period of thirteen years and consequential life cycle assessment (CLCA). The 20 

study focused on Spain as a representative country for Europe. Our results show that in order to 21 

improve resource efficiency and avoid more GHG emissions, the option for plastic waste 22 

management are with or against the waste hierarchy depending on the quality of the recovered 23 

plastic. Result also show that there is an increasing trend of plastic waste export to recycle, 24 

mainly to China, what reduce the GHG benefits from recycling and suggest that a new focus 25 

should be introduced to take into account the split between local recycling and exports. 26 
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1. INTRODUCTION  30 

Given the versatile properties of plastics, such as it being lightweight, durable and 31 

strong, the world production and usage of plastics has increased sharply (Hong, 2012), 32 

from 1.5 million tonnes (Mt) in 1950 to 288 Mt in 2012, and it has estimated that global 33 

plastic production could triple by 2050 (European Commission, 2013; Plastic Europe, 34 

2013).  However, plastics, as materials, are generating environmental problems along its 35 

whole life cycle. Firstly, in order to produce plastic products greenhouse gas (GHG) 36 

emissions are produced. Secondly, the characteristics that make plastic so useful also 37 

makes waste management problematic (European Commission, 2013) and only a small 38 

fraction of plastic waste is at present recycled due to contamination and technical 39 

limitations (Briassoulis et al., 2013; Hong, 2012). Thirdly, there is a considerable 40 

accumulation of plastic wastes in the environment. For example, waste patches in the 41 

Atlantic and the Pacific oceans are estimated to be in the order of 100 Mt, about 80% of 42 

which is plastic (European Commission, 2011a; European Commission, 2013). Once in 43 

the environment, particularly in the marine environment, plastic waste can persist for 44 

hundreds of years (Kaps, 2008). 45 

 46 

Hence, considerable concern has been focused on plastic waste management. At 47 

European level, since 1994 several objectives for plastic waste recycling and recovery 48 

have been set (European Commission, 1994; European Commission, 2000; European 49 

Commission, 2004) and last Waste Framework Directive (European Commission, 2008) 50 

has established a 22.5% target for packaging plastic waste which must be reached by all 51 

EU Member States by 2020 (Plastics Recyclers Europe, 2012). One important aspect to 52 

consider, however, is that the 22.5% target is based on the amount of packaging plastic 53 

waste collected rather than the final packaging plastic waste recycled (BIO Intelligence 54 
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Service, 2013). Thus, although one EU member reaches the target, it does not imply 55 

same amount of plastic waste recycled within the country. In fact, in recent years, 56 

plastic waste exports have increased dramatically, both within the EU and even more so 57 

to third countries due to demand from fast-growing Asian economies. For example, in 58 

2012 between 32% and 55% of plastic waste collected for recycling in the EU was 59 

exported (2.0-3.5 Mt), mostly for recycling in China (BIO Intelligence service, 2013). 60 

This situation poses several challenges to the recent EU proposals of resource efficiency 61 

and of a circular economy (CE) (European Commission, 2012) where waste is regarded 62 

as a valuable resource within Europe (European Commission, 2011b; European 63 

Commission, 2012). 64 

Furthermore, the last Waste Framework Directive (European Commission, 2008) also 65 

establishes the waste hierarchy of prevention, preparing for reuse, recycling, other 66 

recovery and disposal; but it also allows specific waste streams to depart from the waste 67 

hierarchy when justified by life cycle thinking and life cycle assessments (LCA) (JRC, 68 

2012a; Lazarevic et al., 2010; Laurent et al., 2014). In this regard, one important 69 

limitation to fulfill with the waste hierarchy is that options for use of recycled plastic 70 

depend on the quality and polymer homogeneity of the material (JRC, 2012b). If the 71 

polymer is clean and contaminant-free it can be used to substitute virgin plastic, 72 

however, if the polymer is mixed with other polymers, the options for marketing 73 

materials often involve down-cycling of plastics for cheaper and less demanding 74 

applications (JRC, 2012b). In this case, the energy recovery has been presented as a 75 

better environmental option although it is against the waste hierarchy (Astrup, 2009; 76 

Eriksson and Finnveden, 2009). So quality, application and market challenges appear to 77 

limit plastic waste recycling, what suggest that it is not clear which are the best options 78 
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to improve plastic waste management while reducing the GHG emissions. For instance, 79 

if the efforts should be done to increase reuse, the energy recovery, to improve the 80 

technology of sorting and recycling or to promote the use of cheaper and less 81 

demanding applications of recycled plastics.  82 

The aim of this study is evaluate different options in order to identify the limitation and 83 

opportunities of plastic waste recovery with the objective of decrease the GHG 84 

emissions. Spain was selected as a case study to evaluate different options because it is 85 

the fifth European plastic consumer (Plastic Europe, 2013), but considering its plastic 86 

waste management, Spain is in the middle range of European averages (ANARPLA, 87 

2013; Plastic Europe, 2013). Thus, Spain could be representative of the current context 88 

but also it could be representative of the consequences of following the trends and 89 

strategies of other European countries in relation to the increasing or decreasing the 90 

GHG emissions of plastic waste management. countries. 91 

Addressing these questions can be conducted with dynamic material flow analysis 92 

(MFA), which evaluate the flows and stocks of materials within a system defined in 93 

space and time (Brunner and Rechberger 2004), and allow observing variability over 94 

time and determining possible changes in waste management trends. Therefore, 95 

dynamic MFA could be the base to project future waste management trends in Spain if 96 

management remains the same. However, if waste policies are promoted to achieve 97 

European targets, different waste management trends should be followed. Thus, in order 98 

to calculate the increase or decrease of GHG emissions several scenarios could be 99 

defined. GHG emissions could be calculated with consequential life cycle assessment 100 

(CLCA) which quantify and describe how the environmental impacts will change in 101 

response to possible decisions (i.e., increase collection or energy recovery) (Reinhard 102 
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and Zah, 2009). Similar studies were already conducted to evaluate the GHG emissions 103 

derived from recycling of paper-cardboard waste and aluminum old scrap in Spain 104 

(Sevigné-Itoiz et al., 2014a; Sevigné-Itoiz et al., 2014b).  105 

2. MATERIALS AND METHODS 106 

In the following sections, the methodologies used for the MFA (2.1) and for the CLCA 107 

(2.2) are explained. More detail is available in Appendix A and Appendix B.  108 

 109 

2.1. Dynamic Material Flow Analysis (MFA) 110 

2.1.1. Scope and system boundaries  111 

Plastic waste can be classified as pre-consumer waste (also known as post-industrial 112 

waste or industrial scrap), which refers to waste generated during converting or 113 

manufacturing processes; or post-consumer waste which is produced by material 114 

consumers after its use. The MFA is focused on post-consumer plastic waste and on the 115 

current End-of-life (EOL) options in Spain of disposal in landfill, incineration with 116 

energy recovery and recycling. Plastic recycling may follow two routes; mechanical 117 

recycling where the plastic waste is converted to new plastic products, and chemical 118 

recycling also called feedstock recycling, where a certain degree of polymeric 119 

breakdown takes place (JRC, 2012b). However, recycling plastic as chemical feedstock 120 

in industrial processes is negligible in Spain and is not discussed in this paper.  121 

The temporal and spatial boundaries of the MFA were defined as years 1999-2011 and 122 

Spain, respectively. Along its life cycle, we considered the following life cycle stages 123 

(LCs): first raw materials are extracted and transformed into virgin plastics, then 124 

plastics products from virgin plastics and recycled plastics are manufactured, then the 125 

products are used, and finally, they become wastes that have to be managed. Figure 1 126 



7 

 

presents the system boundaries of the Spanish plastic cycle and shows every flow and 127 

stock that has to be determined, including importations and exportations and losses into 128 

the environment. In Spain, packaging plastic waste is collected selectively through 129 

containers in the street applying a Green Dot System (GDS) as well as through others 130 

selective ways (i.e., agriculture plastic waste) but there is also an important fraction that 131 

is collected within the refuse fraction, latter namely plastic waste refuse fraction. The 132 

plastic waste selective collected is sent to sorting plants where it is classified as 133 

recovered plastic for recycling or incineration with energy recovery. Nevertheless, it 134 

should be noticed that if recovered plastics are clean and consist of only one plastic 135 

type, the recycled plastic substitutes for virgin plastic, but if the plastic wastes are 136 

contaminated and/or are a mix of different plastic types, the recycled plastic is used for 137 

products that often could be made of other materials (i.e., garden furniture). This 138 

recycled mix is known as recycled plastic lumber (RPL). In such cases the substituted 139 

material is not virgin plastic but may be wood for the production of wood lumber 140 

(Astrup et al., 2009). In this study we evaluated both options of substitutions with virgin 141 

plastics and wood.  142 

LCs represented in Figure 1 as rectangles with solid lines can be disaggregated in 143 

several types which are represented below as rectangles with discontinuous lines. For 144 

example, virgin plastics production were classified as high density polyethylene 145 

(HDPE), low density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), 146 

expanded polystyrene (EPS), polyvinyl chloride (PVC), polyethylene terephthalate 147 

(PET) and ethyl vinyl acetate (EVA). Remaining virgin plastics (i.e., engineering, 148 

polyurethanes, etc) were categorized as others. Capital letters in brackets refer to LCs 149 
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(i.e., virgin plastic production [B]) while lower case letters refer to material flows (i.e., 150 

recycled plastics (f)).  151 

 152 

2.1.2. Flows and stocks estimations 153 

The system under study concerns only material flows, and the calculation of both stocks 154 

and flows, which is then based only on the principle of mass conservation. For each LC, 155 

the total flows entering the LC should equal the total flows leaving it, with flows 156 

detailed in Figure 1. All these flows were then classified into five groups: (1) trade 157 

flows, (2) loss flows, (3) transformation flows that transform raw materials to virgin 158 

plastics, from virgin plastics to plastic products, and from plastic products consumption 159 

to recovered plastic after its use; (4) recycling flows of plastic waste and (5) energy 160 

flows. Each flow was calculated in three ways depending on the data availability; it was 161 

calculated directly based on statistics, calculated by combining statistics with 162 

coefficients and deduced using the mass balance. Details on data collection, sources and 163 

explanations of assumptions are given in Appendix A.   164 

 165 
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 166 

Figure 1: Spanish plastic cycle system boundaries 167 

 168 

2.2. Consequential Life Cycle Assessment (CLCA)  169 

2.2.1. Scope and system boundaries 170 

Even though the MFA takes into account the whole life cycle of plastics as shown in 171 

Figure 1, for the GHG quantifications we focused only into the GHG emissions from 172 

the plastic waste selective collected for recycling and energy recovery. Both recoveries 173 

(i.e., materials and energy) are a case of multifunctional product, and in CLCA the 174 

allocation problem derived is avoided by system expansion (Weidema et al., 2009). In 175 

this paper the recycling activities were modeled based on the guidelines and 176 

assumptions of the study of Schmidt (Schmidt, 2012) which conclude that the market 177 

for recycled plastics waste and virgin plastics are not considered as two different 178 

markets. Hence, the marginal effect of plastic waste collection for recycling will be that 179 

virgin plastics are affected (Schmidt, 2012).  Nevertheless, as explain in section 2.1.1, 180 

depending on the quality of the recovered plastic, it can be used as a substitute of virgin 181 
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polymers or wood lumber, and both types of substitution were considered also for the 182 

GHG quantifications. We considered that recovered plastic fraction that is sent the 183 

incineration with energy recovery will avoid the marginal electricity and heat 184 

production.  185 

 186 

Therefore, for the GHG quantifications we considered the LCs of collection and sorting 187 

[E], recycling [F], incineration with energy recovery [G], virgin plastics production [B], 188 

wood lumber manufacture [I], raw materials extraction [A], wood [J] and electricity and 189 

heat production [H]. Although the GHG emissions of landfill [K] were outside of the 190 

scope of this paper, we took into account the processed plastic waste from sorting and 191 

recycling facilities which undergo to landfill (indicated in Figure 1 as loss flow). 192 

 193 

2.2.2. Functional unit, life cycle inventory and life cycle impact assessment 194 

The FU has been defined as the increase of 1 ton of plastic waste selective collected in 195 

Spain for recycling and energy recovery. Inventory data and assumptions are presented 196 

in Tables B1-B3 in Appendix B where it is explained the assumptions of source of data. 197 

SimaPro 7.3.3 software was used for the environmental evaluation, together with the 198 

“IPCC 2007 GWP 100a” method, which only considers the impact category of GWP 199 

expressed in CO2 eq. units.  200 

 201 

2.2.3. Scenarios and sensitivity assessment 202 

Eight scenarios were evaluated and discussed in relation to the GHG emissions. These 203 

scenarios were defined based on the MFA results and literature review, so more detailed 204 

information is found in section 3.2.  205 

 206 
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3. RESULTS  207 

The following sections present the results for the dynamic MFA (sections 3.1.1 to 208 

3.1.5), the Baseline scenario and the alternative scenarios which were defined from the 209 

MFA results, the trends projected for Europe and literature review (section 3.2) and the 210 

results for the GHG quantifications for the Baseline scenario and the alternative 211 

scenarios (sections 3.3.1 and 3.3.2).  212 

 213 

3.1. Dynamic MFA of plastics from 1999 to 2011 in Spain 214 

3.1.1. From virgin plastics to plastics products 215 

Figures 2 and 3 show the results of consumption of virgin plastic, recycled plastic and 216 

applications by sector from 1999 to 2011. Virgin consumption grew steadily from 1999 217 

to 2007 exceeding 6,000,0000 tonnes and then decreased substantially until 2009 218 

probably due to the economic crisis which have affected all industries and sectors, 219 

especially the construction sector. However, recycled plastic consumption has increased 220 

year by year from a percentage contribution of 5% in 1999 to 12% in 2011.  221 

 222 

 223 
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Figure 2: Consumption of virgin plastic and recycled plastics in tonnes from 1999 to 224 

2011 in Spain in the left axis and overall consumption per capita in the right axis from 225 

1999 to 2011 in Spain  226 

 227 

Table 1 summarizes production, consumption, main application and recycling by type 228 

of polymer for 2011. Main application of PE, PP and PET is packaging (Plastic Europe, 229 

2011) and as it is shown in Figure 3, it is clear that in packaging is the largest single 230 

sector for plastics what justifies the higher share of PE, PP and PET consumption (46% 231 

in 2011). In fact, packaging consumption followed trends of virgin plastic consumption. 232 

PVC, PS and EPS are mainly used in the construction sector (Plastic Europe, 2011) and 233 

its consumption follows the trend for this sector. Production and consumption data from 234 

1999 to 2010 are available in Tablas A1 and A2 in Appendix A. 235 

 236 

Table 1: Production, consumption, main application and recycled in percentage per type 237 

of plastic for year 2011 238 

 Production 

(%) 

Consumption 

(%) 

Main application by sector 

(virgin plastic)* 

Recycled 

(%) 

HDPE 8 16 Packaging 24 

LDPE 13 16 Packaging 29 

PP 18 16 Packaging 4 

PVC 11 8 Construction, others 5 

PS 3 3 Construction 2 

EPS 1 1 Construction na 

PET 14 13 Packaging 22 

EVA 2 0 na na 

Others 30 28 na 14 

 239 

*based on data from Plastic Europe, 2013 240 

 241 
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 242 

Figure 3: Consumption of plastics products in tonnes from 1999 to 2011 in Spain by 243 

main application sector 244 

 245 

3.1.2. Plastic waste management  246 

Table 2 shows 1) total plastic waste generated and its treatments, 2) packaging plastic 247 

waste generated and its treatment and 3) the rest of plastic waste generated, such as 248 

agriculture plastic waste, and its treatment from 1999 to 2011. For generation and 249 

collection data, official statistics have been used whenever these have been available 250 

from Spanish or European authorities and waste management companies. Where 251 

required some assumptions were used to complete the picture (see Appendix A for more 252 

detail). Total plastic waste generated includes the plastic waste selective collected 253 

though containers in the street and in others ways of selective collection as well as the 254 

plastic waste collected within the refuse fraction.  255 

 256 

Plastic waste generation, recycled, incinerated and landfilled increased up to 2007 and 257 

then decreases slowly following the observed trend for plastic consumption. However, 258 

while in 1999 12% of plastic waste was sent to recycled, 7% was sent to incineration 259 

and 81% was landfilled; in 2011, recycling increased up to 38%, incineration up to 15% 260 
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and landfilled decreased up to 47%. We considered that total packaging products 261 

consumed were generated as a waste within the same year; thus, we can observe that if 262 

packaging is the main application for plastics, it is also the largest plastics waste stream 263 

arising (around 64 %). However, if in 1999 more than 67% of packaging plastic waste 264 

selective collected was sent to landfill, in 2011 decreased up to 49%. Complementary, 265 

recycling and energy recovery of packaging plastic waste have increased their presence 266 

reaching 26% and 25% of end-of life treatments in 2011, respectively. Data of plastic 267 

waste collection and plastic waste recycling from 1999 to 2011 for the others sectors 268 

considered in this study (agriculture, electronics, construction, automotive and others) 269 

are presented in table A3 and table A4 in Appendix A.  270 

 271 

As summarizes in Table 1, main polymer recycled was LDPE (29%) followed by HDPE 272 

(24%) and PET (22%) due to the recycling of packaging plastic waste which is the main 273 

plastic product consumed and main plastic waste collected and recycled. Although PP 274 

consumption accounts for 15%-18% of total consumption, PP has a small contribution 275 

in the waste streams as it is difficult to quickly identify and separate from other 276 

polymers, hampering its effective recovery as a separate stream (JRC, 2012b). In the 277 

case of PVC; its small contribution is due to the low collection rates and low efficiency 278 

of recycling, as PVC it normally is very contaminated with other materials (JRC, 279 

2012b). Their contributions in the recycling fraction are 4% and 5%, respectively. 280 

Around 14% of plastic recycled was classified as others which are a mix of polymers. In 281 

this study we consider that this mix of polymers is used to produce the RPL in 282 

substitution with wood.  283 

 284 
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Table 2: Total plastic waste generated and its treatment, packaging plastic waste and rest of plastic waste generated and its treatment in tonnes 285 

from 1999 to 2011 in Spain 286 

 Plastic waste (tonnes) Packaging plastic waste (tonnes) Rest of plastic waste (tonnes) 

 Generated Recycled Incinerated Landfilled Generated Recycled Incinerated Landfilled Generated Recycled Landfilled 

1999 1,735,938 200,200 125,310 1,431,726 1,111,000 159,984 125,310 825,706 624,938 39,772 606,020 

2000 1,864,531 268,900 130,900 1,484,970 1,193,300 205,248 130,900 857,152 671,231 64,368 627,818 

2001 2,057,813 279,000 182,000 1,620,015 1,317,000 234,426 182,000 900,574 740,813 28,375 719,441 

2002 2,060,938 303,700 183,700 1,599,881 1,319,000 258,524 183,700 876,776 741,938 45,704 723,105 

2003 2,198,906 329,000 204,216 1,664,568 1,407,300 280,053 204,216 923,031 791,606 61,332 741,537 

2004 2,286,211 420,810 219,858 1,621,748 1,463,175 294,098 219,858 949,219 823,036 127,004 672,529 

2005 2,445,781 463,311 209,700 1,731,609 1,565,300 324,017 209,700 1,031,793 880,481 138,668 700,026 

2006 2,523,438 497,409 279,400 1,710,485 1,615,000 361,760 279,400 973,840 908,438 136,457 736,645 

2007 2,623,438 525,931 248,000 1,804,425 1,679,000 391,207 248,000 1,039,793 944,438 134,388 764,452 

2008 2,476,563 500,483 247,000 1,865,073 1,585,000 386,740 247,000 951,260 891,563 113,268 733,813 

2009 2,245,556 482,893 248,000 1,411,018 1,442,916 383,816 248,000 811,100 811,640 99,799 599,917 

2010 2,183,889 515,674 306,000 1,186,864 1,397,689 408,125 306,000 683,564 786,200 108,108 503,281 

2011 2,117,430 565,601 312,800 1,108,058 1,355,155 439,070 312,800 603,285 762,275 126,660 504,773 

 287 

(*) There is only data for packaging plastic waste incinerated with energy recovery. We assumed same data for plastic waste incinerated with energy recovery. 288 



16 

 

3.1.3. International trade  289 

Figure 4 represents the commercial balance, defined as the difference between imports 290 

and exports of plastic products; thus, lines above the horizontal axis indicate that there 291 

were higher imports than exports. Between 1999 and 2009, Spain experienced a lack of 292 

virgin plastic, which was imported, mainly from Germany and France (datacomex, 293 

2013). During the same period there is also a lack of plastics products, which were 294 

imported mainly from Germany and France (datacomex, 2013), but from 2008 there 295 

was an important decrease of the commercial balance indicating that there was less 296 

demand of plastic virgin plastic and plastic products, which were exported. In the case 297 

of plastic waste, from 2002 there has been an excess of supply which has been exported, 298 

and this export of plastic waste has increased over the years. In this regard, is important 299 

to highlight that the main destination of the plastic waste has changed, and if in 1999 300 

main destination was intra Europe (mainly Portugal and France), in 2011 around 90% of 301 

the plastic waste was sent to Asia (China and Hong Kong) (datacomex, 2013) 302 

positioning Spain as the fifth European exporter (Anarpla, 2013). 303 

 304 

Table A5 in Appendix A presents the export trade by type of polymer (PE, PS, PVC, PP 305 

and others) in which we observe that until 2010 the highest plastic waste imported and 306 

exported was PE followed by PVC, PS and PP; but in 2010 and 2011 the highest plastic 307 

waste traded was classified as others. In this regard, there is no more detail 308 

disaggregation on this classification but since PET is one of the main plastic consumed 309 

in the packaging sector which is also the main plastic waste stream arises, we assumed 310 

that the typology others correspond to PET wastes.   311 
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312 
Figure 4: Commercial balances (imports minus exports) for virgin plastic, plastic 313 

products and recovered plastics (packaging plastic waste) in Spain from 1999 to 2011 in 314 

tones 315 

 316 

3.1.4. In-use stocks  317 

Because the lifetime of many plastics products can be between less than one year 318 

(packaging),  and more than 50 years (construction), there has been an accumulation of 319 

plastics products in use (Kaps, 2008). There are no data available for Spain before 1999; 320 

therefore, our stock calculations are underestimated. However, in 2011, we calculated 321 

an in-use stock since 1999 of 27,034,084 tonnes of plastics products, which represents 322 

approximately 8 years of supply of plastic at current consumption rates. Therefore, in 323 

subsequent years, this in-use stock will be an important source of plastic waste. In 324 

addition, during the same period 1999-2011, there have been an accumulation of 325 

plastics products in landfill due to the plastic waste within the refuse fraction as well as 326 

the processed plastic waste from sorting and recycling processes. We have considered 327 

that all these losses would end up in landfills but probably a fraction would end up in 328 

the marine environmental. Our estimation for 2011 is 30,542,493 tonnes of plastics 329 

accumulated the environment between 1999 and 2011. 330 
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3.1.5. Spanish plastic life cycle in 2011  331 

Figure 5 presents the Spanish plastic life cycle in 2011, as it is the most representative 332 

year of the current situation.  333 

 334 

 335 

Figure 5: Spanish plastic life cycle for 2011 336 

 337 

3.2. Scenarios of analysis: trends in plastic waste management 338 

If we take into account the waste management performance between 1999 and 2011, 339 

despite a 22% growth for plastic waste generation, the quantity going to landfill has 340 

declined by about 23%. The plastic waste management has shown an incredible 341 

improvement mainly derived from the packaging and packaging waste law (Law 342 

11/1997, 1997) which has contributed to an increase in the collection of 66% since 343 

1999. The remaining post-consumer plastic waste have also experienced significant 344 

improvements as a result of the implementation of specific legislation for EOL vehicles 345 

and electronic products but their contribution is still low (Royal Decree 1383/2000; 346 

2000; Royal Decree 208/2005; 2005). However, though these improvements, there is a 347 
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huge potential for higher collection rates in Spain and several scenarios were projected 348 

to evaluate future plastic waste management possibilities and their GHG emissions 349 

derived.  350 

 351 

Table 3 summarizes data for these scenarios. We took into account the quantity of 352 

recovered plastic waste sent to recycling (referred as management); the ratio 353 

substitution between recycled plastics and virgin plastics/wood (referred as quality); the 354 

percentage of recycled plastic use for plastic purposes (referred as application); and the 355 

percentage of recovered plastic waste exported (referred as market). Baseline scenario 356 

evaluated the situation in Spain in 2011 and it was the reference scenario. Values 357 

highlighted in grey showed the modifications in relation to this Baseline scenario.  358 

 359 

Table 3: Data and assumptions for the Baseline scenario and the alternative scenarios 360 

used for the GHG emissions evaluation 361 

 Management  Quality  Application  Market  

 Recycling (%)* Ratio substitution Virgin plastic (%) Global (%) 

Baseline scenario 
71 1:1 86 29 

Alternative scenarios 

Scenario Man1 90 1:1 86 29 

Scenario Man2 50 1:1 86 29 

Scenario Qua1 71 1:0.5 86 29 

Scenario App1 71 1:1 100 29 

Scenario App2 71 1:1 50 29 

Scenario Mar1 71 1:1 86 0 

Scenario Mar2 71 1:1 86 100 

 362 

* Percentage over recovered plastic after sorting plants 363 

 364 
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If trends remain the same, in following years we can expect an increase of plastic waste 365 

collection due to better plastic waste management. Thus, Scenario Man1 evaluates an 366 

increase of the recovered plastic sent to recycling up to 90%. In addition, plastic 367 

consumption in last decade has entailed an accumulation of plastic products and through 368 

the MFA we calculated that there is an in-use stock of around 27 million tonnes. So, we 369 

can also project an increase of plastic waste collection due to the in-use stock achieving 370 

its end-of-life, mainly from construction and electronic sectors. Considering that the 371 

construction and electronic sectors have higher presence of PP and PVC more difficult 372 

to recycle (JRC, 2012b; BIO Intelligence Service, 2013), we can also expect an increase 373 

of the energy recovery treatment and RPL production. Scenario Man2 evaluates an 374 

increase of energy recovery up to 50% similar to Northern European countries and 375 

Scenario App1 evaluates an increase of the application of recycled plastic to produce 376 

RPL up to 50%, what means that 50% of the recovered plastic is used to substitute 377 

virgin polymers and 50% to substitute other products (i.e., wood lumber). In addition, 378 

most recycling processes involve loss of quality which may lead to a need for extra 379 

secondary plastic in the final products to obtain a quality identical with products of 380 

virgin plastic (Astrup et al., 2009). Although we assumed that the substitution ratio is 381 

1:1, it is commonly less than 1. The literature review ranges the ratio substitution from a 382 

0.5 to 1 (Lazarevic et al., 2010; OECD, 2010; Hong R, 2012). This loss of quality was 383 

evaluated in scenario Qua1.  384 

 385 

Another consequence of an increase of plastic waste collection could be an increase of 386 

plastic waste exported, which in fact has already projected for Europe (European 387 

Commission, 2011a; Shonfield, 2008; WRAP, 2011; JRC, 2012b, BIO Intelligence 388 

Service, 2013). Thus, scenario Mar2 evaluated that all recovered plastic is recycled 389 
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globally with 10% sent to Europe and 90% to China. In order to evaluate the 390 

consequences of a circular economy of plastic waste, Scenario Mar1 evaluated that all 391 

recovered plastic is recycling in Spain. We have used for both scenarios same 392 

classification of plastic waste by type of polymer than in 2011 (see section 3.1.2 and 393 

3.1.3). 394 

Finally, in order to observe the influence of the marginal electricity mix in the GHG 395 

results, we have conducted a sensitivity assessment considering the use of average 396 

electricity mix produced from the mix of power sources in 2011. Detail information of 397 

the marginal electricity mixes and average electricity mixes are explained in Appendix 398 

B. 399 

 400 

3.3. GHG quantifications of recycling  401 

3.3.1. Baseline scenario  402 

Figure 6 presents the material flows for the Baseline scenario per the functional unit 403 

taken into account the plastic waste recycling by type of polymer for the Spanish 404 

recycling and in the case of the recovered plastic export, we took into account data 405 

presented in section 3.1.3 by type of polymer.  406 



22 

 

 407 

Figure 6: Material flows for the Baseline scenario 408 

  409 

Table 4 present the GHG quantifications for the Baseline scenario taking into account 410 

the considerations and assumptions presented in Table 2 and the LCI data presented in 411 

Appendix B. The GHG results show that 81% of the emissions due to collection, 412 

sorting, recycling and incineration took place in Spain, while the rest 19% were emitted 413 

abroad from which 18% correspond to the international transport of plastic waste 414 

export, 2% correspond to the recycling process in Europe and 80% to recycling process 415 

in China. Although 71% of recovered plastic is sent to recycling, the GHG emissions 416 

are considerable lower (167 kg CO2 eq. t
-1

) than the GHG emissions from the 417 

incineration process (497 kg CO2 eq. t
-1

, without the energy recovery) even with the 418 

GHG emissions derived for the international recycling.  419 

 420 

Table 4: GHG emissions generated per tonne of plastic waste collected for the Baseline 421 

scenario 422 
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Baseline scenario kg CO2 eq. t
-1

 plastic waste selective collected 

Collection and sorting [E]  

Collection & sorting  101 

  

Recycling [F]  

International transport  27 

Recycling in Spain 21 

Recycling in Europe 3 

Recycling in Asia  117 

Incineration [G]  

Incineration 497 

Total  collection, sorting,  recycling & incineration= [E]+[F]+[G] 766 

Raw materials [A][J] and production [B][I] avoided 
 

HDPE (20%)  -143 

LDPE (23%)  -183 

PP (4%)  -32 

PVC (4%)  -37 

PS (2%)  -22 

PET (37%)  -371 

Wood lumber (10%)  -3 

  

Electricity and heat avoided [H]  

 -315 

Total  raw material and production avoided= [A]+[J]+[B]+[I]+[H] -1,108 

GHG quantification for plastic waste recycling= [E]+[F]+[G]-([A]+[J]+[B]+[I]+[H]) -342 

 423 

 424 

Besides, the GHG comparison of recycling between the three countries show that 425 

although 71% of plastic waste is recycled in Spain, 2.9% is recycled in Europe and the 426 

remaining 26.1% is recycled in China, the GHG emissions in China are higher than 427 

those of Spain, which is explain for a higher the electricity consumption for recycling in 428 

China but also because of the marginal electricity mixes considered for the recycling 429 

process. Asia has more contributions from coal primary energy what increases the GHG 430 

emissions showing that highest GHG emissions due to recycling. 431 

 432 
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Regarding the primary production avoided, the recycling of PET implies the highest 433 

GHG savings while the production of recycled plastic lumber leads to an increase of the 434 

GHG emissions. These results correspond to the percentage of recycled plastics which 435 

were indicated in sections 3.1.2. However, in order to assess which type of plastic 436 

implies the highest GHG quantifications, we evaluate the GHG emissions when it is 437 

considered that 1 tonne of each plastic waste is collected, sorted and recycling with 438 

same assumptions as in Baseline scenario (i.e., 29% of export rate and 1:1 substitution). 439 

The production of PS and PET has the highest CO2 eq. emissions; thus, the GHG 440 

quantifications for their recycling have the highest GHG benefits (-2,166 kg CO2 t
-1

 and 441 

-1,617 kg CO2 t
-1

, respectively). It is followed by PVC, LDPE, PP and HDPE (-1,281 kg 442 

CO2 t
-1

, -1,187 kg CO2 t
-1

, -1,109 kg CO2 t
-1

 and-1,081 kg CO2 t
-1

, respectively). In the 443 

case of the GHG quantifications due to the production of the recycled plastic lumber, 444 

the results are positive (222 kg CO2 t
-1

), what indicates that the GHG emissions due to 445 

collection, sorting and recycling are higher than those saved from the wood lumber 446 

production. In the case of the incineration process with energy recovery, we have also 447 

obtained that although electricity and heat is recovered in substitution with the marginal 448 

production, the GHG emissions from the process are positive (181 kg CO2 eq. t
-1

), due 449 

to the low efficiencies for electricity and heat production.  450 

 451 

3.3.2. Alternative scenarios and sensitivity assessment  452 

The assessment of the alternative scenarios leads to the GHG results presented in Figure 453 

7 in kg of CO2 eq. per tonne of plastic waste collected, and the variation in brackets in 454 

respect the Baseline scenario (-342 kg CO2 eq. t
-1

).   455 

 456 
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 457 

Figure 7: GHG emissions for the alternative scenarios (kg CO2 eq. t
-1

) 458 

 459 

Scenario Qua1 leaded to the worst GHG results. In fact, the whole process would 460 

generate 54 kg of CO2 eq. because the GHG emissions from collection, sorting and 461 

recycling remain the same but the GHG benefits from the avoided primary productions 462 

are reduced to half. Scenario App1 and scenario Man2 also showed an important 463 

reduction of the GHG benefits. In both cases the balance between the GHG emitted and 464 

the GHG avoided is nearly zero, -21 kg of CO2 eq.t
-1

 and -27 kg of CO2 eq.t
-1

, 465 

respectively. These results suggest that the preference between recycling for non plastic 466 

purpose or energy recovery is not clear in the sense of GHG emissions. On the other 467 

hand, Scenario Mar2 showed that this option avoids more GHG emissions than the 468 

scenario Man2 because the GHG emissions due to the international transport and the 469 

international recycling are lower than those from the incineration process. Contrary, if 470 

all recovered plastic is recycled in Spain (and probably within Europe) as evaluated in 471 

scenario Mar1, higher GHG benefits are obtained because the GHG emissions from the 472 

international stages are avoided. With no doubt, the best results are obtained for the 473 

scenario Man1 which evaluates an increase of the recovered plastic sent to recycling. 474 
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These results indicate that the mechanical recycling for virgin plastics substitution is 475 

better environmental option. 476 

 477 

Finally, when the marginal electricity mix was substituted for the average mix in 2011 478 

for the countries (or regions) involved in the study, same trends were obtained for all 479 

scenarios but the GHG emissions are lower for all the scenarios, except for scenario 480 

Man2 and scenario Qua1. This means that less GHG emissions were avoided if the 481 

average mix was considered. The GHG quantification for the Baseline scenario was -482 

337 kg CO2 eq. t
-1

, a difference of less than 2%. The highest difference was obtained for 483 

the scenario Man2 (over 40%), when 50% of recovered plastic was sent to energy 484 

recovery while the lowest was obtained for the scenario Mar1 (<1%), when all 485 

recovered plastic is recycled in Spain. Results are presented in Figure B1 in Appendix 486 

B.  487 

 488 

4. DISCUSSION 489 

Generally in LCA studies, mechanical recycling of plastic waste is offered as the best 490 

option for end-of-life treatments comparing to feedstock recycling, energy recovery or 491 

landfill (Ross and Evans, 2003; Perugini et al., 2005; Dodbiba and Fujita., 2004; Foster, 492 

2008; Shoenfield, 2008; Astrup et al., 2009; Lazarevic et al., 2010; Erikson and 493 

Finnveden, 2009; Hong R, 2012). Mechanical recycling shows a clear advantage 494 

compared with other options because the GHG emission saving is largely derived from 495 

the avoided products which are accounted as virgin plastics with the substitution based 496 

on 1:1. The results of this study were in accordance with those presented in the 497 

literature, and the GHG quantifications showed that mechanical recycling was the best 498 

environmental option from a GHG perspective and the best results were obtained for 499 
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scenario Man1 (-620 kg CO2 eq. t
-1

). However, GHG results were also highly 500 

dependent on ratio of substitution with virgin plastic. In fact, quality considerations 501 

have the highest influence on the GHG benefits of recovery which were evaluated in 502 

scenario Qua1 (54 kg CO2 eq. t
-1

) and scenario App1 (-21 kg CO2 eq. t
-1

). Actually, 503 

the evaluation of the GHG results per tonne of type of recovered plastic waste, pointed 504 

out that the recycling of plastic waste for substitution of other materials such as wood 505 

provided no GHG savings at all. It should be realized that materials other than wood 506 

may also be substituted (Astrup et al., 2009), so the GHG savings could be different 507 

depending on the substituted product (i.e., aluminium or steel).  508 

 509 

In literature it has been suggested that for a mixture of different plastic types, plastic 510 

waste should be used for energy utilization (Astrup et al., 2009; OECD, 2010). 511 

However, the results for scenario Man2 (-27 kg CO2 eq. t
-1

) suggested that the related 512 

GHG improvements are not clear. This limitation was also highlighted in other study 513 

(Erikson and Finnveden, 2009) which concluded that the GHG emissions avoided in 514 

energy recovery are highly dependent on the electricity and heat production efficiencies, 515 

so for higher ratios, higher GHG benefits should be obtained (Erikson and Finnveden, 516 

2009). Nevertheless, other aspects could influence the decision between recycling and 517 

energy recovery. For example in Denmark with an energy recovery around 60% (Plastic 518 

Europe, 2013), the environmental benefit of incineration is debated because the 519 

recovered energy is likely to substitute fossil fuels-based energy and thus contribute to 520 

increase the renewable energy sources in the mix, but also because plastic waste is 521 

traded on a world market what could increase the environmental burden of the plastic 522 

waste recycling (Merrild et al,. 2012).  523 

 524 
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In this regard, the evaluation of scenario Mar1 and scenario Mar2 confirmed this 525 

approach and higher GHG emissions were avoided for regional recycling (-425 kg CO2 526 

eq. t
-1

) than for global recycling (-269 kg CO2 eq. t
-1

). However, the GHG emissions 527 

from this option should be evaluated in more detail because the LCI data for the virgin 528 

plastic production was based on ecoinvent data from eco-profiles for the European 529 

plastic Industry (Hischier, 2007). Data for energy and materials consumptions are 530 

aggregated so it was not possible to evaluate and adapt the inventory profiles depending 531 

on the country, to take into account the production efficiencies, technologies, distances 532 

of transport, marginal technologies, etc. This issue was also highlighted by Friedrich 533 

and Trois (2013) in a recent study of GHG emissions from waste recycling in South 534 

Africa. They concluded that the use of European data on plastic production 535 

underestimated their GHG results because the South African electricity mix has higher 536 

GHG burden which means that GHG savings from recycling are higher (Friedrich and 537 

Trois, 2013). Other studies also pointed out the difficulties in modelling material 538 

recycling in a global market due to the lack of data for recycling facilities which is 539 

predominantly sourced from developed countries and might not be representative of the 540 

facilities in developing economies (Christensen et al., 2007; Lazarevic et al., 2010). 541 

542 
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5. CONCLUSIONS 543 

In coming years, plastic waste collection in Spain will increase due to better plastic 544 

waste management and the in-use stock at its EOL. This study demonstrates that for 545 

Spain in order to save more GHG emissions, the best plastic waste management is 546 

mechanical recycling (-620 kg CO2 eq. t
-1

). However, contamination was pointed out as 547 

one of the most important parameters limiting plastic waste recycling what suggest that 548 

collection and sorting are very important processes. Therefore, to promote an increase 549 

of the recycling rate seems not realistic if other strategies and actions are not promoted 550 

in parallel. In addition, export of plastic waste for recycling presented more GHG 551 

emissions reductions than energy recovery; however, there are uncertainties in 552 

modelling recycling of plastic waste in a global market. So if the possibility to improve 553 

the plastic waste quality is not feasible, efforts should be put on improve the electricity 554 

efficiencies of energy recovery plants.  555 

 556 

557 
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