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Abstract 23 

An attributional life cycle assessment (LCA) of the management of 1 ton of household waste was conducted in 24 

accordance with ISO 14044:2006 and the ILCD Handbook for seven European countries, namely Germany, 25 

Denmark, France, UK, Italy, Poland and Greece, representing different household waste compositions, waste 26 

management practices, technologies, and energy systems. National data were collected from a range of sources 27 

regarding household waste composition, household sorting efficiency, collection, waste treatments, recycling, 28 

electricity and heat composition, and technological efficiencies. The objective was to quantify the environmental 29 

performance in the different countries, in order to analyze the sources of the main environmental impacts and 30 

national differences which affect the results. In most of the seven countries, household waste management 31 

provides environmental benefits when considering the benefits of recycling of materials and recovering and 32 

utilization of energy. Environmental benefits come from paper recycling and, to a lesser extent, the recycling of 33 

metals and glass. Waste-to-energy plants can lead to an environmental load (as in France) or a saving (Germany 34 

and Denmark), depending mainly on the composition of the energy being substituted. Sensitivity analysis and a 35 

data quality assessment identified a range of critical parameters, suggesting from where better data should be 36 

obtained. The study concluded that household waste management is environmentally the best in European 37 

countries with a minimum reliance on landfilling, also induced by the implementation of the Waste Hierarchy, though 38 

environmental performance does not correlate clearly with the rate of material recycling. From an environmental 39 

point of view, this calls for a change in the waste management paradigm, with less focus on where the waste is 40 

routed and more of a focus on the quality and utilization of recovered materials and energy.    41 

  42 

1 Introduction  43 

The European Union (EU), through its 28 member states and a total population of about 500 million inhabitants 44 

(Eurostat, 2016a), generates more than 200 million tons of household waste every year (Eurostat, 2016b). The 45 

Waste Hierarchy (European Commission, 2008) guides the management of household waste in the EU, i.e. 46 

prevention is the first option, followed by reuse, recycling, and recovery, and—in case the former options are not 47 

possible—disposal, which is primarily into landfills. Statistical information about household waste management is 48 

not available at the EU level, but data provided by Eurostat (2016c) on municipal solid waste (MSW) management 49 

suggest a good deal of variety in how waste is managed, ranging from systems with high recycling and recovery 50 

rates (e.g. in Germany) to systems primarily landfilling the waste (e.g. in Greece). Due to the fact that there is a 51 

large variance in how member countries define and report MSW arising  (Christensen, 2011),  we decided to 52 

compare household waste where we could ensure a consistent definition of the waste. We define household waste 53 

as “the ordinary waste generated in the household or actually in the house from everyday activity” (Christensen et 54 

al., 2011). Several studies covering different geographical areas (primarily regions and cities) in the EU, using life 55 

cycle assessment (LCA) methods (Arena et al., 2003; Damgaard et al., 2010; Eriksson et al., 2005; Grosso et al., 56 

2012; Montejo et al., 2013; Rigamonti et al., 2009; Turconi et al., 2011), seem to suggest that reducing landfilling 57 

in favor of material recycling and energy recovery is environmentally beneficial, but between recycling and recovery 58 

there is not the same consensus for all material fractions. Moreover, it is often highlighted that the choice of LCA 59 

methodology and data strongly affects the results (Kulczycka et al., 2015; Laurent et al., 2014a; Merrild et al., 60 

2008).  61 

 Almost no studies have been found comparing the environmental performance of national household 62 

waste management across Europe. The closest are two studies on municipal solid waste, only addressing 63 

greenhouse gas accounting for selected European countries (Gentil et al., 2009; Smith et al., 2001) and a pilot 64 

LCA for 9 countries in central and Eastern Europe (Koneczny et al., 2007; Koneczny and Pennington, 2007). In 65 

view of the high political focus on the management of household waste in the EU, the abandoning of landfilling 66 
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(European Commission, 2015, 1999), and the introduction of high material recycling targets for household waste 67 

to be met by 2020 (50%) (European Commission, 2008) and 2035 (65%) (European Commission, 2015), we find 68 

that a comprehensive study on the environmental performance of European household waste management would 69 

be a valuable quantitative contribution to political discussions on the development of European waste management 70 

with respect to regulatory as well as technological issues. This paper is our contribution to the quantitative technical-71 

environmental discussion about household waste management in Europe.  72 

The objective of this paper is to quantify, through the LCA methodology, the environmental impacts of 73 

household waste management in seven countries within the EU, in order to analyze the sources of the main 74 

environmental impacts and national differences, which affect the results. In addition, we wish to compare, for each 75 

country, quantified environmental impacts with statistics about how the country meets the Waste Hierarchy. A very 76 

detailed data collection process was performed, as reported in Supplementary Material. The LCA approach was 77 

chosen because it allows us to perform quantifications without having specific data on each process and plant 78 

handling actual waste in the different countries, while it still allows us to pay attention to differences in waste 79 

composition, the type of technology used, and how the recycled and recovered materials and energy are utilized 80 

on a national scale. 81 

2 Methods and Data 82 

This study was conducted according to the requirements of ISO 14044 (ISO, 2006) and the ILCD Handbook (EC-83 

JRC, 2010), as described in the following paragraphs. Details and references to all sources are provided in 84 

Supplementary Material (SM). We included seven countries in the study, in order to represent variations in waste 85 

composition, levels of recycling, treatment technologies, and energy systems. The countries were Germany, 86 

Denmark, France, UK, Italy, Poland, and Greece. The choice of these countries was a compromise between the 87 

intent to cover different geographical areas of Europe and the data available to the authors. 88 

2.1 The LCA approach 89 

This study, in LCA terminology, is classified as an accounting study - Situation C1 (EC-JRC, 2010) - with the intent 90 

to compare how well the treatment technologies applied in a country fit the waste generation. Due to it being a C1 91 

study, it accordingly uses an attributional approach employing average data in accounting for exchanges over the 92 

boundaries of a system: upstream (e.g. ancillary materials and capital goods) as well as downstream (energy 93 

substitution after waste incineration, and material substitution after recycling). Some exceptions were introduced 94 

for the substituted materials due to the limited amount of data available (more details in paragraph 2.2.2). More 95 

detailed information on the goal and scope can be found in SM section 1 and 2. 96 

2.1.1 System boundaries and exchanges over boundaries 97 

Figure 1 shows the system boundaries of the model. Waste enters the system boundaries of the model after being 98 

discarded by households and eventually as source-segregated fractions collected individually. The system includes 99 

waste collection, transport, recycling, waste treatment, and the utilization of compost and digestate as well as the 100 

further treatment of residues from material recovery facility (MRF), waste-to-energy (WtE), and mechanical 101 

biological treatment (MBT). For the sake of simplicity, all the source-sorted fractions are considered without 102 

impurities, and thus we assume no residues from composting and anaerobic digestion facilities (impurities end up 103 

in residual waste treatment one way or the other, and thus it does not matter how we model it in this instance). 104 

Furthermore, the only residues from the MRF are due to the efficiency of the MRF itself (e.g. to separate materials 105 

collected in a co-mingled collection). Dry recyclables (glass, ferrous and non-ferrous metals, HDPE, PET, soft 106 

plastic, paper, and cardboard) are routed first to an MRF and then to industrial recycling plants. Materials recovered 107 

for industrial use and energy, recovered for the grid or as a fuel for the market, were credited the waste 108 
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management system for avoiding emissions that would have arisen from the products and energy they replaced. 109 

Regarding system expansion for crediting material recovery, the substitution of material was modeled by utilizing 110 

different substitution ratios for each fraction. System boundaries for each country and cut-off criteria for the different 111 

stages are described in SM sections 2.4 and 2.5. Furthermore, capital goods are included for transport trucks and 112 

for all waste treatment plants (landfills, MRF, recycling facilities, WtE, MBT, composting, and anaerobic digestion) 113 

but not for bins and collection trucks, because these are considered approximately the same in all the selected 114 

countries. Waste transportation takes place between all facilities (SM 3.9). 115 

Figure 1: System boundaries of the LCA study, including materials recovery facility (MRF), anaerobic digestion (AD), waste-to-116 
energy plant (WtE), and mechanical biological treatment (MBT). The trucks indicate the inclusion of waste transportation. The 117 
thicker border indicates the inclusion of capital goods in the process, while the dashed border defines the system boundaries of 118 
the system.  119 

 120 

2.1.2 Functional unit and reference flow 121 

We considered 1000 kg of household waste, to allow for a comparison between countries with different population 122 

sizes and the amount of waste generated. To ensure a well-defined waste composition across countries, we 123 

excluded the contribution of garden waste, hazardous waste, WEEE, wood, and textiles, and only included small 124 

amounts as impurities. Regarding plastic recycling, only PET, HDPE, and soft plastic were considered in this 125 

regard. Figure 2 illustrates the composition of the household waste. 126 

2.1.3 LCA modeling 127 

For the modeling, we used EASETECH, a specialized LCA model developed by DTU (Clavreul et al., 2014). The 128 

impacts considered in the study are presented in Table 1. The selection of the characterization methods is based 129 

on the recommendations made by the EC-JRC (2011) (characterization factors ILCD v 1.0.6) , with the exception 130 

that for the impact “Depletion of Abiotic Resources” we split the results into “fossil resources” and “mineral 131 

resources”, based on the CML method. Normalization in person-equivalents (PEs) was done by dividing the results 132 

for each impact category by a global normalization reference for the same impact category, representing the total 133 

annual impact made by one person from all activities (food, housing, travel, etc.). The normalization references 134 

were based on Laurent et al. (2013). Both non-toxic and toxic impact categories were included, but land and water 135 

use were excluded because they heavily depend on the geographical location and the results would have been 136 

affected by great uncertainty. Finally, equal weighting factors were assigned to all the impact categories in order to 137 

allow for comparison between countries across the impacts (EC-JRC, 2011). 138 
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Table 1: Impact categories and normalization references used in the system (Laurent et al., 2013). Characterization factors as 139 
reported in ILCD v 1.0.6. PE: person-equivalent. AE: Accumulated exceedance CTUh: Comparative toxic unit for humans. CTUe: 140 
Comparative toxic unit for an ecosystem. 141 

Impact category Abbreviation Method 
Normalization 
reference 

Unit 

Climate change GW100 IPCC 2007 8 096 kg CO2-eq./PE/year 

Freshwater eutrophication  FE 
ReCiPe Midpoint 
(v 1.05)   

0.62 kg P-eq./person/year 

Marine eutrophication  ME 
ReCiPe Midpoint 
(v 1.05)    

9.38 kg N-eq./PE/year 

Terrestrial eutrophication TE 
Accumulated 
Exceedance 

1 150 AE/PE/year 

Terrestrial acidification AC 
Accumulated 
Exceedance 

49.6 AE/PE/year 

Human toxicity, carcinogenic, W/O 
long-term, DTU updated version 

HT-C USEtox v1.01 5.42*10-5 CTUh*/PE/year 

Human toxicity, non-carcinogenic, 
W/O long-term, DTU updated 
version 

HT-NC USEtox v1.01 1.1*10-3 CTUh/PE/year 

Eco-toxicity, total, W/O long-term, 
DTU updated version 

ET USEtox v1.01 665 CTUe/PE/year 

Particulate matter PM Humbert 2009 2.76 kg PM2.5 /PE/year 
Depletion of abiotic fossil 
resources 

AD-F CML 2002 6.24*10-4 MJ/PE/year 

Depletion of abiotic mineral 
resources (reserve base) 

AD-E CML 2002 3.43*10-2 kg Sb-eq./PE/year 

2.2 Life cycle inventory  142 

The following paragraphs provide a summary of the most important technical specifications of the modeling. The 143 

life cycle inventory (LCI) in terms of details about each process and technology can be found in the SM section 3.  144 

2.2.1 Household composition and source-sorting efficiencies 145 

The waste composition of each country was modeled as 19 material fractions: food waste, paper, cardboard, 146 

composite material, soft plastic, plastic bottles, other plastic packaging, diapers and tampons, wood, textiles, clear 147 

glass, green glass, brown glass, non-ferrous metals, ferrous metals, ash, batteries, combustibles and non-148 

combustibles. In general, we used several reports for the main fractions supplemented by data from scientific 149 

articles. Due to inconsistent data across countries we excluded special waste fractions from the waste composition 150 

and we assumed that the composition of source-sorted mixed fractions was identical to the composition of the 151 

generated fractions if additional information were not found (e.g. the proportion between PET and HDPE is the 152 

same in both the generated waste and the collected plastic fraction). Figure 2 shows the waste composition and 153 

source-sorting efficiency used for the seven countries. Details on waste compositions, sorting efficiencies and 154 

collection schemes are reported in SM 3.4 and 3.5.     155 

 156 
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 157 

Figure 2: Household waste composition used in the modeling. Dots indicate the fraction collected as a separate collection in 158 
each country. The countries are Germany (DE), Denmark (DK), France (FR), United Kingdom (UK), Italy (IT), Poland (PL), and 159 
Greece (EL). Details and references are in SM 3.4 and 3.5. 160 

2.2.2 Waste treatment  161 

The relevant treatment technologies for household waste (source-sorted as well as residual waste) were identified 162 

from national reports (from different years depending on the country) and from Gibbs et al. (2014); where data for 163 

household waste treatment were insufficient we used data for MSW.  For residual waste, we modeled 3 types of 164 

treatment: landfill, waste-to-energy (WtE) and mechanical biological treatment (MBT). Landfilling is still the main 165 

treatment of residual waste in Greece, Italy, Poland and UK. For source-sorted food waste, we modeled 2 types of 166 

treatment: in-vessel composting and anaerobic digestion (AD). Anaerobic digestion was considered only in 167 

Germany and Italy because in the other countries it is still of minor importance. The modeled waste management 168 

systems in Denmark and Greece did not include source-sorted food waste because the reported quantities were 169 

negligible. All recyclables were routed to material recovery facilities (MRF), which were specified in the model by 170 

their consumption of electricity, wire mass and diesel as well as by the recovery efficiencies. Recovery efficiencies 171 

of the MRFs receiving mixed fractions were defined as the percentage of each material being transported from the 172 

MRF to the specific recycling plant out of the total amount of material entering the MRF. Since recovery efficiencies 173 

are lower than 100%, the remaining material was modeled as disposed in a bottom ash landfill (including collection 174 

of leachate but without gas collection). In reality, some countries send plastic and paper residues to WtE plants, 175 

but the difference in impacts is negligible because the quantities from the MRFs are very small. Consumption of 176 

electricity and materials in the MRFs depends on the collection schemes and was based on Pressley et al., (2015). 177 

Table 2 shows routing of residual waste and source-sorted food waste. Detailed data, references and assumptions 178 

regarding MRFs and waste treatments are described in SM 3.7 and 3.8. 179 

Table 2: Routing of residual waste and source-sorted food waste in Germany (DE), Denmark (DK), France (FR), United Kingdom 180 
(UK), Italy (IT), Poland (PL), and Greece (EL). Details and references are in SM 3.8. 181 

Country 
Residual waste Source-sorted food waste 

WtE 
[%] 

MBT 
[%] 

[Landfill 
%] 

Composting 
[%] 

AD 
[%] 

DE 82 18 0 59 41 
DK 100 0 0 Not relevant 
FR 64 0 36 100 0 
UK 44 0 56 100 0 
IT 31 20 49 88 12 
PL 0 15 85 100 0 
GR 0 0 100 Not relevant 
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Recycling 182 

Different studies have highlighted that modeling of recycling processes is affected by great uncertainty, because 183 

the benefits of recycling strongly depend on the actual quality of materials, technological efficiencies, demand for 184 

recycled material etc. (Merrild et al. 2008, Brogaard et al. 2014). In this study, recycling processes were defined by 185 

a substitution ratio that describes how much material is avoided by waste recycling. Substitution ratios used 186 

represent the technical recovery efficiency and the market effect (Rigamonti et al., 2010) (Table 3). For example, 187 

1 kg of aluminum scrap entering the recycling industry substitutes 0.93 kg of aluminum on the market. Emissions 188 

and energy consumption during the recycling processes are documented in SM 3.8.1. 189 

Table 3: Recovery efficiencies A (Rigamonti, 2007), market ratio B (Rigamonti et al., 2010) and substituted material  for the 190 
recycling processes. The substitution ratio is equal to A times B. 191 

Material A B A*B Substituted material 
Aluminum 0.93 1.00 0.93 “Aluminum, Al (Primary), World average” (International 

Aluminium Institute, 2007) 
Cardboard 1.00* 0.83* 0.83 “Corrugated box production, RER” (ecoinvent) 

Glass 1.00 1.00 1.00 “Packaging glass production, green, RER w/o CH+DE”  
(ecoinvent) 

HDPE 0.90 0.81 0.73 “polyethylene production, high density, granulate (PE-
HD), RER” (ecoinvent) 

Paper  1.00 0.83 0.83 “Paper production, newsprint, virgin, RER” (ecoinvent) 

PET 0.755 0.81 0.61 “polyethylene terephthalate (PET) production, granulate, 
amorphous, RER” (ecoinvent) 

Soft  plastic 0.60 1.00 0.60 “Particle board production, for outdoor use, RER” -
(ecoinvent) 

Steel 0.84 1.00 0.84 “steel production, converter, unalloyed, RER” (ecoinvent) 

*the coefficients for cardboard are assumed to be the same as paper. 192 

WtE plants 193 

Average emissions and ancillary materials for WtE facilities vary substantially among the European countries. 194 

Unfortunately, different methodologies used in reporting these data (e.g. types of emissions measured, daily 195 

average, yearly average, half-hour average, etc.) made them very difficult to compare. For this reason, incineration 196 

facilities were modeled based on a single plant as a proxy for all the different facilities in use. The data used was 197 

average data for the Danish incinerator Vestforbrænding in 2011 (Møller et al., 2013). All WtE plants recovered 198 

metals from the ashes due to the high value of these materials: 50% of aluminum scrap and 80% of ferrous scrap 199 

were sent to recycling. Information about routing of fly ashes was scarce, thus we assumed that all fly ashes were 200 

disposed in landfills. Bottom ashes treatment and disposal (road construction and landfilling) was not included 201 

since impacts are uncertain and fairly small  (Birgisdóttir et al., 2007). Both the produced electricity and produced 202 

heat were assumed to substitute average mix in the respective countries. Thermal efficiencies for electricity and 203 

heat production are shown in Table 4 and were calculated based on the CEWEP III Report (Reimann, 2012). More 204 

information is found in SM 3.8.4. 205 

Table 4: WtE: Net thermal efficiencies based on the Lower-heating-Value for Germany (DE), Denmark (DK), France (FR), United 206 
Kingdom (UK), Italy (IT), Poland (PL), and Greece (EL). Details and references are in SM 3.8.4 207 

Country 
Electricity 
[%] 

Heat 
[%] 

DE 13 37 
DK 18 73 
FR 13 28 
UK 18 9 
IT 16 29 
PL Not relevant 
GR Not relevant 

 208 
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Landfilling 209 

Landfills for residual household waste were modeled according to Olesen and Damgaard (2014) as presented in 210 

SM 3.8.2. The time horizon of the inventory was set to 100 years. Leachate characteristics as well as removal of 211 

leachate pollutants in leachate treatment were based on literature. Gas collection and utilization were assumed for 212 

the first 55 years of the landfill’s lifetime. After 55 years, gas was no longer collected but subject to oxidation in the 213 

top cover. The methane oxidation rates varied between 10% and 36% depending on top cover. Table 5 resumes 214 

the characteristics of gas collection and utilization constant for the first 55 years for each of the countries using 215 

mixed waste landfilling.  216 

Table 5: Landfilling: Gas collection and gas utilization rate assumed for the first 55 years for Germany (DE), Denmark (DK), 217 
France (FR), United Kingdom (UK), Italy (IT), Poland (PL), and Greece (EL). Details and references are in SM 3.8.2 218 

Country 
Gas 
collection 
[%] 

Flaring 
[% of the 
collected gas] 

Gas utilization 
[% of the collected 
gas] 

Credited electricity 
[%of the utilized 
gas] 

Credited heat 
[%of the utilized 
gas] 

DE Not relevant 
DK Not relevant 
FR 70% 20% 80% 28% 20% 
UK 75% 30% 70% 37%  
IT 60% 50% 50% 32% 10% 
PL 50% 70% 30% 32% 10% 
GR 30% 70% 30% 32% 10% 

MBT 219 

Due to the lack of information on the detailed functioning of the MBT plants in Europe only two types of MBT plants 220 

were modeled: mechanical biological pre-treatment (MBP) and mechanical biological stabilization (MBS), which 221 

are characterized by different technologies and quantities of outputs as refuse derived fuel (RDF), metals, and inert 222 

material.  MBP aims at maximizing the production of stable organic material meeting requirements for MBT landfills, 223 

while MBS aims at maximizing the production of refuse derived fuel (RDF). The mass balance and the energy and 224 

materials consumption for the three countries that utilize MBTs (namely Germany, Italy and Poland) were based 225 

on DTU Environment (2017) and is available in SM 3.8.5. In general the RDF was modelled as incinerated in a 226 

WtE plant (with the same energy substitution), the metals sent to recycling and the residues to a bottom ash landfill 227 

(with leachate but without gas collection). 228 

Organic food treatment 229 

The organic food treatments included composting and anaerobic digestion, described in detail in SM 3.8.6 and 230 

3.8.7.  231 

Composting of food waste was modeled as a technology available in the EASETECH database; the 232 

dataset was built on data measured in an enclosed tunnel composting facility in Treviso (Italy), as described by 233 

Boldrin et al. (2011). The degradation of volatile solids (VS) was 73.5% for food waste and 71% of the total N was 234 

lost during the process. It was estimated that 2.2% of the degraded C was converted to CH4 and 83% of degraded 235 

N was converted to NH3. All gaseous emissions were treated in a bio-filter. The water content in the food waste 236 

sent to composting was 70%. Finally, three types of compost use were modelled (each country with different 237 

partitioning, sources to be found in SM 3.8.6): in agriculture where it substitutes chemical fertilizers, in gardens 238 

where it substitutes peat and fertilizers and other uses where the compost is simply used as a soil (e.g. in landfill 239 

for daily cover, for maintenance, for landscaping) and no displacement of other material was considered.  240 

Anaerobic digestion was based on the unit process inventory of an hypothetical “wet” plant treating source-241 

sorted organic household waste (Møller et al., 2011). The technology was characterized by: 70% VS degradation 242 

for food waste; 63% methane content in the biogas; engine efficiencies for gas utilizations was 39% and 46% for 243 

electricity and heat respectively, and 2% of CH4 was emitted as gas leakage from the digester. The digestate was 244 
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subsequently composted on site and the compost applied to agricultural land. Since no impurities were sent to the 245 

plants, there were no rejects from the plants. 246 

For both digestate and compost use, it was assumed that the nutrients replace commercial fertilizer: 247 

substitution efficiency of 100% was assumed for phosphorus and potassium, while only 20% of nitrogen in compost 248 

and 40% in digestate was credited based on Danish regulation in 2005 (Hansen et al., 2006). The avoided 249 

introduction of heavy metals from commercial fertilizer to the agricultural soil was determined according to Audsley 250 

et al. (1997). 251 

2.2.3 Energy  252 

The inventory of the energy consumed as well as the energy credited the waste management system was 253 

established for each of the seven countries. This is important because the results of an LCA are usually highly 254 

dependent on the composition of electricity and heat considered in the modeling (Astrup et al., 2015; Gentil et al., 255 

2009; Turconi et al., 2011). Details can be found in SM 3.11. 256 

Consumed and credited electricity was modeled as the mix of national technologies used for production, 257 

transmission and distribution of electricity as presented in the ecoinvent v3 database (Weidema et al., 2015). For 258 

recycling processes, European average was used because recyclables may be used in a range of industries across 259 

Europe.  260 

Consumed and credited heat was modeled as the national mix of technologies for producing heat. The 261 

gross heat production by fuel in each country was obtained from the “Electricity and heat statistics” published in 262 

2013 by Eurostat (Eurostat, 2013) and combined with inventories for each heat technology as presented in the 263 

ecoinvent v3 database (Weidema et al., 2015). Table 6 shows the modelled average national heat production.   264 

Table 6: Average mix heat production modelled in the baseline based on the date published by Eurostat (2013) and on the 265 
process , for DK (Denmark), DE (Germany), EL (Greece), FR (France), IT (Italy), PL (Poland), and UK. Details and references 266 
are in SM 3.11.2 267 

 Hard coal Lignite 
Natural 

gas 
Oil 

Wood 
chips 

Biogas MSW WtE TOT 

DE 24 % 8 % 47 %  5 % 1 % 15 % 100 % 
DK 25 %  23 %  33 %  19 % 100 % 
FR 9 %  57 % 8 % 20 %  5 % 100 % 
UK 16 %  84 %     100 % 
IT   63 % 21 % 10 % 4 % 2 % 100 % 
PL 90 %  10 %     100 % 
EL  100 %      100 % 

2.3 Data quality assessment 268 

The quality of the data used was assessed by the method developed by Weidema and Wesnæs (1996). This 269 

method includes 5 categories identical to those defined in the ILCD Handbook (EC-JRC, 2010): technological 270 

representativeness, geographical representativeness, time-related representativeness, completeness and 271 

reliability. Each category is assigned a value from 1 to 5, where 1 indicates robustness and 5 indicates weak data. 272 

EC-JRC (2011) clearly states that the importance of each category is case specific, but in this paper the categories 273 

are equally weighed. The overall data quality or Data Quality Rating (DQR) for each process was calculated 274 

summing the value of each quality indicator weighting the weakest quality value 4-fold as described in the following 275 

formula (EC-JRC, 2011): 276 

	
∑ 	 	 	 	 	 ∗ 4

	 	 	 	 1
 277 

The individual DQRs and data quality indicators provide the most accurate information, but we averaged the data 278 

quality values for each data category, group of processes and country, in order to summarize the very high number 279 

of individual data and simplify the interpretation of the results.  DQR are categorized as “high quality” (<1.6), “basic 280 

quality” (1.6-3) and “estimate” (>3) according to EC-JRC (2011). Difficulties encountered during the data quality 281 
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assessment need to be highlighted: first of all, the method described by Weidema and Wesnæs (1996) had to be 282 

adapted to waste management which is not a traditional industrial product nor service. Furthermore data quality 283 

can be uncertain due to information missing in the reference and to the common difficulty of identifying the original 284 

source when data are reported from earlier papers, databases or studies.    285 

2.4 Sensitivity analysis  286 

Sensitivity analysis is conducted to investigate sensitive inputs (Clavreul et al., 2012) and to analyze how much 287 

influence the assumptions made in the model inputs have on the results (Laurent et al., 2014b). In this paper, the 288 

method described in Clavreul et al. (2012) was used with few variations. Modeling of the highly complex waste 289 

management systems involves hundreds of parameters, and thus the first step is to choose the parameters of 290 

interest based on the contribution analysis and on the data quality assessment. Then, perturbation analysis and 291 

scenario analysis were conducted on basis of these parameters. The parameters tested in the perturbation analysis 292 

included household source-sorting efficiencies, recycling processes (substitution ratio, emissions, energy 293 

consumption), WtE plants (ancillary material consumption, electricity and heat recovery efficiency, metals recovery, 294 

input and process specific emissions), MBT plants (sorting coefficients), landfills (oxidation efficiencies, gas 295 

collection and utilization rate, energy efficiencies, infiltration rate, C storage) and transport distances. Perturbation 296 

analysis calculates first the sensitivity ratio SR (ratio between the relative change of the result and the relative 297 

change of the parameter) in order to observe the effect of a small variation (10%) of a parameter on the final results. 298 

To compare different sensitivity ratios in each country and in each impact category, the concept of normalized 299 

sensitivity ratio (NSR) was developed. NSR is defined as the ratio between the sensitivity ratio of one parameter 300 

in one impact category and the maximum absolute value among all the SRs in the same country in the same impact 301 

category: 302 

	
| |

   , where 	
∆

_
∆

_

 303 

In contrast the scenario analysis simply “consists in testing different options individually and observing the 304 

effect of these changes on the final results.” (Clavreul et al., 2012). Scenario analysis tested the substituted material 305 

in the paper recycling (from primary to secondary paper), type of soil where the compost was applied, capital goods 306 

with different choices in the disposal phases, and choice of energy mix (consumed and substituted) in the modeling. 307 

For a detailed list of the parameters refer to SM 3.13. Furthermore, acknowledging the importance that modeling 308 

of electricity and heat consumed and substituted has on the overall results, scenario analyzes were performed on 309 

the “cleanest” and “dirtiest” energy sources in each country. In each country, the “cleanest” and the “dirtiest” source 310 

were defined among all the utilized energy sources (e.g. lignite, hard coal, natural gas, wind) contributing to the 311 

national average mix more than 5%. Since this LCA included many impact categories, energy mix that showed the 312 

best and the worst average environmental performance were chosen. To quantify the results from the scenario 313 

analysis, the relative percentage between the new and the baseline results was calculated as  314 

	 	
| | | |

| |
∗ 100	 315 

 316 

3 Results  317 

This chapter presents the results of the LCA. It is important to highlight that LCA results should be analyzed as 318 

potential environmental impacts, more than prediction of the actual effects (EC-JRC, 2010). As each impact 319 

category has its own reference unit, it is not possible to make any comparison to rank the impact categories on 320 

basis of the characterized results. Therefore, normalization and weighting are necessary in order to compare 321 
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different impact categories in the systems. A unitary weighting for all the impacts categories is assumed throughout 322 

this paper.  323 

Figure 3 and Figure 4 show the normalized results in milli-person equivalents per year (mPE), per ton of 324 

household waste, for the baseline scenario, where the countries are listed according to the amount of landfilling as 325 

a percentage of total waste management in 2013, as done by the European Commission (2014). The impact 326 

categories presented in this paper are divided into two groups: the first group includes the impact categories 327 

commonly used in LCAs, climate change, acidification, and eutrophication, while the second group includes human 328 

(carcinogenic and non-), eco-toxicity, particular matter, and the depletion of abiotic resources (fossil and mineral). 329 

Each color represents the net value of several grouped processes. An individual process may constitute both a 330 

load (positive numbers) to the environment (e.g. GW100: emission of fossil CO2 due to the combustion of plastic 331 

in the WtE plant) and a saving (negative numbers) to the environment (e.g.GW100: recovered energy in terms of 332 

electricity distributed to the public grid from the WtE plant), but here only the net values of grouped processes are 333 

shown. Table 7 shows how the processes are grouped. To avoid confusion, we always present the grouped 334 

processes with [ ]. A diamond shows the net value for each country. Characterized results are presented in SM 335 

4.1. The considerable differences observed in Figure 3 and Figure 4 has a number of reasons that will be discussed 336 

in the following sections. The comparison of countries is not to be seen as a contest of who is best, but to show 337 

how the influence of waste composition, waste technologies and energy systems results in very large differences. 338 

Table 7: Description of how the processes are grouped    339 

Group What does it include? 
[Collection] Waste collection, transport from households to the first treatment, and capital goods (transport trucks) 
[Recycling] MRF, transport of recyclables from the MRF to the recycling facilities, recycling facilities, capital goods 

(MRF, recycling facilities, transport trucks) and the material substitution 
[WTE] WtE plant, bottom ash landfill, transport from WtE to bottom ash landfill, capital goods (WtE plant, 

bottom ash landfill of fly ash and transport trucks) and substitution of energy  
[WTE_Recycling] Metals recycling facilities, transport from WtE to recycling facilities , capital goods (recycling facilities 

and transport trucks) and material substitution from metals recovery 
[MBT] MBT plant, bottom ash landfills, transport from MBT to bottom ash landfills, bottom ash landfills, or to 

WtE plant, WtE plants, capital goods (all the facilities and transport trucks) and substitution of energy 
(when present) from RDF combustion. 

[MBT_Recycling] Metal recycling facilities, transport from WtE to recycling facilities and capital goods (recycling facilities 
and transport trucks) and material substitution from metal recovery 

[Composting] Composting facility, transport from the facility to the use on land, use on land of the compost, capital 
goods (composting facility and transport trucks), and substitution of chemical fertilizer (when present). 

[AD] AD and composting facilities, transport from the facility to the compost utilization, capital goods (AD and 
composting facilities and trucks), substitution of energy from the combustion of biogas, and substitution 
of chemical fertilizer, due to the digestate application on soil 

[Landfill] Landfills, capital goods (landfills), and substitution of energy from the combustion of collected gas (when 
present) 
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 340 

Figure 3: Normalized results in mili person-equivalent (mPE) per ton for Climate Change (GW100), Freshwater Eutrophication 341 
(FE), Marine Eutrophication (ME), Terrestrial Eutrophication (TE), and Terrestrial Acidification (AC). The countries studied are 342 
Germany (DE), Denmark (DK), France (FR), United Kingdom (UK), Italy (IT), Poland (PL), and Greece (EL) 343 

 344 

Figure 4: Normalized results in mili person-equivalent (mPE) per ton for Human Toxicity, carcinogenic (HT-C), Human Toxicity, 345 
non-carcinogenic, (HT-NC), Freshwater eco-toxicity (ET), Particular Matter (PM), Depletion of Abiotic Fossil Resources (AD-F), 346 
and Depletion of Abiotic Mineral Resources (AD-E). The countries studied are Germany (DE), Denmark (DK), France (FR), United 347 
Kingdom (UK), Italy (IT), Poland (PL), and Greece (EL) 348 

3.1 Comparison of countries 349 

For the countries DE, DK, UK, and IT, waste management constitutes an environmental saving in nearly all 350 

environmental categories, due primarily to material recycling and energy recovery, while waste management in PL 351 

and EL constitutes a load to the environment in five out of 11 impact categories: Global Warming, Marine 352 

Eutrophication, Terrestrial Eutrophication, Human Toxicity, non- carcinogenic, and Eco-toxicity. Although values 353 
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vary between impact categories, significant impacts are all within the same order of magnitude (except for Human 354 

Toxicity, non-carcinogenic, which is insignificant), and the pattern of the countries is somewhat identical in all impact 355 

categories: the less landfilling, the better the environmental profile of the waste management system. 356 

Germany shows the best environmental performance in almost all impact categories, due to the very high 357 

recycling rate and the low level of landfilling. The only exception is represented by Human Toxicity, non-358 

carcinogenic, due to electricity consumption in steel recycling, and in Freshwater eco-toxicity, where Denmark is 359 

characterized by a very high saving, due to the heat recovered by the WtE plants.  360 

Particularly peculiar is the net Climate Change (GW100) load in France, where WtE is significant. This is 361 

due to the fact that recovered energy substitutes relatively “clean” electricity (76% from nuclear power and 10% 362 

from hydropower) and relatively “clean” heat (56% from natural gas). This explains in general the high 363 

environmental impact (or very low saving) of waste incineration and the low overall environmental performance 364 

compared to countries with similar waste management systems, such as UK and Italy. The few exceptions are in 365 

Human Toxicity, carcinogenic and Freshwater eco-toxicity, where the results for the three countries are similar.  366 

Waste management in Poland and Greece is dominated by landfilling, but Greece often shows a slightly 367 

better environmental performance than Poland, although the latter has a higher recycling rate in general. This is 368 

mainly caused by the higher quantity of metals in household waste and a higher recovery rate of metals in Greece. 369 

On the contrary, Climate Change is much higher in Greece because of methane emissions from low-performing 370 

landfills. No strong conclusion should be drawn on the differences between Poland and Greece, due to their 371 

relatively uncertain waste compositions. 372 

3.2 Comparison of waste management technologies 373 

Figure 3 and Figure 4 show that the dominant technologies in waste management from an environmental 374 

perspective are material recycling, WtE, and landfilling. A more detailed analysis of each group of processes 375 

reveals: 376 

 [Collection] of household waste is environmentally not very important as long as rational transport 377 

methods subscribe to current engine exhaust standards. [Collection] only reveals a more significant load 378 

to the environment in Marine Eutrophication and Terrestrial Eutrophication.  379 

 Bio-waste treatment via composting and anaerobic digestion has a small net impact. [Composting] and 380 

[AD] do not contribute significantly to the results, even though no impurities were considered in the organic 381 

waste collected. [Composting] is more important in Italy than in the other countries, due to the high quantity 382 

of food waste sent to composting.  383 

 Where recycling takes place, it mainly leads to savings (negative impacts), excluding Human Toxicity, 384 

non-carcinogenic in Greece, due to electricity consumption involved in steel recycling. This means that 385 

the environmental load from the substituted processes being avoided exceeds the environmental impacts 386 

of process emissions and electricity, heat, and ancillary material consumption during recovery and 387 

recycling. Furthermore, [Recycling] is the highest contributing group in most of the impact categories, and 388 

the magnitude of savings depends on household waste composition and household source-sorting 389 

efficiency. Analyzing the material recycling processes, it appears that paper recycling in general makes a 390 

significant environmental saving. However, most material recycling processes represent an environmental 391 

saving beyond a few exceptions: Climate Change for soft plastic (due to electricity consumption in the 392 

remanufacturing process) and glass (due to the CO2 emissions from process-specific emissions and from 393 

the production of heat); Freshwater Eutrophication for HDPE and soft plastic (due to electricity 394 

consumption in the remanufacturing process) and aluminum (due to heat consumption in the 395 

remanufacturing process); Human Toxicity, carcinogenic for cardboard; Human Toxicity, non-396 

carcinogenic for HDPE and steel (due to electricity consumption in the remanufacturing process); and 397 
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Abiotic Mineral Resources for cardboard and HDPE (due to electricity consumption in the remanufacturing 398 

process). Very important also are the recovery processes that take place in WtE plants [WtE_Recycling] 399 

and MBT plants [MBT_Recycling].  400 

 Waste-to-energy [WtE] contributions to the overall result generally range from medium to low importance, 401 

but they are particularly relevant in Denmark because of high average thermal efficiency as a result of a 402 

well-developed district heating system and the composition of the electricity and heat substituted. 403 

Incineration can be net negative or positive depending on several parameters, such as the composition 404 

of the electricity and heat substituted, thermal efficiencies for both electricity and heat production, the 405 

composition of material entering the system (for input-specific emissions), and the quantity of waste 406 

incinerated in the country (for process-specific emissions). The process generally represents an 407 

environmental saving apart from specific cases, described as follows: CO2 input-specific emissions are 408 

responsible for the environmental load in Climate Change in Germany, France, and Italy, while process-409 

specific emissions of NOx cause an environmental load in Marine Eutrophication and Terrestrial 410 

Eutrophication in Germany, France, and Italy, and Terrestrial Acidification in France. [WtE] in Denmark 411 

represents a load only in Marine Eutrophication. It has to be noted that in France the environmental load 412 

caused by [WtE] in Climate Change accounts for more than 50% of the overall process.   413 

 Landfill is central in Climate Change for Greece and Poland and in Marine Eutrophication and Freshwater 414 

eco-toxicity for all countries that landfill bio-waste. Climate Change is due to methane emissions, while 415 

Marine Eutrophication and Freshwater eco-toxicity are caused by the discharge of ammonium and zinc 416 

from leachate treatment to surface water, respectively. Carbon sequestration (biogenic carbon left in a 417 

landfill beyond 100 years is considered sequestered) is a fundamental parameter in the Climate Change 418 

impact category, because it balances out greenhouse gases emissions caused by landfilling.  419 

 Mechanical-biological treatment [MBT] does not contribute to the overall results in Germany and Italy, and 420 

only a little in Poland, due primarily to the low fraction of household waste being handled by the 421 

technology. 422 

3.3 Data Quality 423 

Table 8: Summary of data quality and DQR for Germany (DE), Denmark (DK), France (FR), United Kingdom (UK), Italy (IT), 424 
Poland (PL), and Greece (EL) 425 
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DE 2.3 2.0 2.0 2.6 2.2 2.4 
DK 2.3 1.4 2.0 2.8 2.1 2.4 
FR 2.0 2.0 2.1 2.2 1.8 2.1 
UK 2.1 2.1 2.0 2.3 1.9 2.1 
IT 2.2 2.0 2.0 2.8 2.3 2.5 
PL 2.2 2.0 2.1 2.9 2.4 2.6 
EL 2.1 2.0 2.1 2.8 2.3 2.5 

Table 8 shows a summary of the data quality and DQR for each country. All DQRs for all parameters and processes 426 

can be found in SM 3.12. The outcome of the data quality analysis is: 427 

 The majority of data regarding waste management systems in the different countries is of “basic quality,” 428 

due to a lack of coherent reporting or the absence of national studies, especially regarding specific 429 

processes such as MBT or WtE. 430 
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 None of the country averages scores better than basic quality, and for the averages for the five quality 431 

indicators, it is only one average for geographical representativeness, for Denmark, that scores “high 432 

quality”.   433 

 All the countries have similar DQRs, but the best data quality is found in France and UK, due to the very 434 

detailed information found on waste composition, household waste source sorting, and routing of 435 

residuals.  436 

 Regarding WtE plants, the parameters characterized by the lowest data quality are transfer coefficients, 437 

emissions to air, and ancillary materials consumption, since they are characteristic of one Danish plant, 438 

albeit their generalization is not supported by additional literature.  439 

 The lowest data quality in the landfill process is seen in gas emissions. 440 

 Very few data are available regarding anaerobic digestion plants. 441 

 Waste collection, MBT, and mineral landfill represent the most uncertain processes and are therefore only 442 

data estimates.  443 

3.4 Sensitivity analysis 444 

Normalized sensitivity ratios (NSRs), as presented in SM 5.1 (more than 4,000 NSRs calculated with 365 445 

parameters in total), reveal which parameters influence the results in each of the seven countries. Table 9 446 

summarizes the parameters for which the model is most sensitive for each of the seven countries in relation to 447 

climate change, eutrophication, ecotoxicity, and acidification. Generally, paper, and to a lesser extent metals and 448 

glass, is the most influential material in the model in terms of substitution ratio, and to a lower degree in terms of 449 

household sorting efficiencies. Emissions from steel reprocessing highly influence Human Toxicity, non-450 

carcinogenic¸ due mainly to the heavy metals cadmium and zinc. Other very significant parameters are emissions 451 

from incineration plants (CO2 for Climate Change and NOx for Marine Eutrophication and Terrestrial Eutrophication) 452 

in the countries that use this technology, and gas collection rates for Climate Change and infiltration rate of landfills 453 

for Freshwater eco-toxicity in France, UK, and Italy. Due to the higher percentage of waste landfilled in Poland and 454 

Greece, more parameters for landfilling are of importance: Oxidation rates of landfill covers and carbon storage in 455 

Climate Change, the gas utilization rate in many impact categories, and the infiltration rate in Marine Eutrophication 456 

and Freshwater eco-toxicity. In addition, carbon storage is very significant in Italy in Climate Change. A little less 457 

significant are energy efficiencies in WtE plants (especially for Denmark) and metals recovery. Less significant but 458 

not negligible are emissions from paper and glass reprocessing operations and the substitution ratios of cardboard 459 

for Germany and Italy. The model is not very sensitive to MBT parameters, and transport distances mainly affect 460 

results in Depletion of Abiotic Fossil Resources. Increasing the household sorting efficiency of paper, metals, glass, 461 

hard plastic, and bottles generally improves the environmental performance of the countries’ household waste 462 

management systems (except for a few impact categories).  463 
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Table 9: Parameters resulting from the perturbation analysis having a NSR higher than 0.8 in the five impact categories Climate 464 
Change (GW100), Freshwater Eutrophication (FE), Marine Eutrophication (ME), Terrestrial Eutrophication (TE) and Terrestrial 465 
Acidification (AC). *Parameters resulting from the scenario analysis having a relative percentage higher than 0.8. 466 

 GW 100 FE ME TE AC 

DE CO2 emiss. (WtE) 
Subst. ratio paper 
Subst. ratio steel 
Elect recovery eff.(WtE) 

Subst. ratio paper 
Subst. ratio aluminium 
NOx emiss. (WtE) 

Subst. ratio aluminium 
NOx emiss. (WtE) 

Subst. ratio aluminium 
 

DK 
Subst. ratio paper 
Heat recovery eff.(WtE) 
CO2 emiss. (WtE) 

HH sorting eff. paper 
Subst. ratio paper 

NOx emiss. (WtE) 
Heat subst.(WtE)* 

NOx emiss. (WtE) 
Electricity subst.(WtE)* 
Heat subst.(WtE)* 

Subst. ratio paper 

FR 
CO2 emiss. (WtE) 
Paper subst.* 
Heat subst.(WtE)* 

HH sorting eff. paper 
Subst. ratio paper 

NOx emiss. (WtE) 
NOx emiss. (WtE) 
Heat subst.(WtE)* 

Subst. ratio paper 
Subst. ratio glass 

UK  % gas collected (landfill) 
HH sorting eff. paper 
Subst. ratio paper 

Subst. ratio paper 
Heat subst.(WtE)* 

Subst. ratio paper Subst. ratio paper 

IT 
Subst. ratio paper 
CO2 emiss. (WtE) 
C storage (landfill) 

HH sorting eff. paper 
Subst. ratio paper 
 

Subst. ratio paper 
Subst. ratio aluminium 
NOx emiss. (WtE) 
Electricity subst.(WtE)* 
Heat subst.(WtE)* 

Subst. ratio paper 
Subst. ratio aluminium 
NOx emiss. (WtE) 
Electricity subst.(WtE)* 

Subst. ratio aluminium 
 

PL C storage (landfill)  % gas utilized (landfill) Infiltration rate (landfill) 
Subst. ratio glass 
Emiss recycle. glass 
 

Subst. ratio glass 
 % gas utilized (landfill) 

EL C storage (landfill)  % gas utilized (landfill) Infiltration rate (landfill) 

HH sorting eff. aluminium 
Subst. ratio paper 
Subst. ratio aluminium 
Paper subst.* 
Electr. subst.(landfill)* 

HH sorting eff. aluminium 
Subst. ratio aluminium 
 % gas utilized (landfill) 

The second part of the sensitivity analysis was performed in terms of scenario analysis. Being an 467 

attributional LCA, the different scenarios analyzed should be assessed, in order to understand better today’s 468 

situation, and should not be used to assess potential future choices. Figure 5 shows overall results in the Danish 469 

scenario for substituting recycled paper instead of substituting virgin paper in the recycling process, as well as 470 

consuming and substituting “clean” or “dirty” energy. In general, the most dramatic differences are observed when 471 

paper recycling substitutes recycled paper instead of virgin paper. It has to be noted that paper substitution heavily 472 

affects the order of magnitude of the results but not the overall ranking among the countries. This shows that the 473 

actual substitution taking place in the market is critical for assessing the environmental benefits of paper recycling 474 

in households. The scenario analysis shows that modeling energy use and recovery (both electricity and heat) is 475 

essential: The more “dirty” the energy substituted by energy recovery from household waste, the more 476 

environmental benefits. Out of all the countries, Denmark illustrates the greatest variation in overall results; in 477 

particular, the substitution of “dirty” heat is very beneficial in the country.  478 

 479 

Figure 5: Scenario analysis for Denmark in mili person-equivalent (mPE) per ton for Climate Change (GW100), Freshwater 480 
Eutrophication (FE), Marine Eutrophication (ME), Terrestrial Eutrophication (TE), and Terrestrial Acidification (AC). 481 



17 
 

3.5 Critical data 482 

To determine the most relevant parameters, results from the data quality assessment and the sensitivity analysis 483 

(perturbation and scenario analysis) were used together, as shown in Figure 6. A parameter found in the red, 484 

yellow, or green areas means the results are very critical, critical, or a little critical, respectively. Furthermore, it 485 

shows the application of such a system for the impact category Climate Change in Italy, where, in the top-right 486 

corner of each area, the number defines how many parameters fall into a certain sensitivity/data quality condition. 487 

In SM 5.2 it is possible to find the results of such an analysis for each country and each impact category. However, 488 

aggregating in a qualitative way the results for all countries and all impact categories, some parameters can be 489 

highlighted as the most critical in the system: 490 

 Emissions from WtE plants for countries that utilize this technology 491 

 Substitution ratio of paper, metals, and glass 492 

 Electricity and heat composition as well as material substituted by paper recycling  493 

 Gas utilization rates and infiltration rates in countries that consider the landfilling of organic waste and oxidation 494 

rates of methane in top covers for Poland and Greece 495 

 Household sorting efficiencies, especially for paper.   496 

It has to be noted that the entire model is built on the waste composition data, and even if they were not tested 497 

because of methodological limitations (e.g. specific sensitivity analysis should be used on interdependent 498 

parameters), they are the fundamental elements of any LCA on waste management.   499 

 500 

Figure 6: Graphic presentation of the most relevant parameters for climate change impact in Italy when considering data quality 501 
and sensitivity. Whenever a parameter is found in the red, yellow, or green area, it means that it is very critical, critical, or partly 502 
critical for the system. At the left-top corner of each bottom, the number defines how many parameters fall into a certain 503 
sensitivity/uncertainty condition. Other parameters tested and found to be of low sensitivity are not shown in the graph. 504 

3.6 Comparison with the European Waste Hierarchy 505 

The Waste Hierarchy is a simple tool that has been employed in European legislation to drive waste management 506 

to use approaches and technologies that are considered most environmentally-friendly. Since this paper does not 507 

include prevention and reuse, the modeled environmental impacts are compared to recycling percentages in order 508 

to address to the question: Is there a close correlation between environmental impacts and recycling rates? Three 509 

different recycling rates were considered, all including material recycling, composting, and anaerobic digestion: 1) 510 

Recycling rates of municipal waste in 2013, as reported for all seven countries by Eurostat (Eurostat, 2016c), 2) 511 

recycling rates of household waste calculated from the material flows modeled in this paper as outputs sent to 512 

recycling industries (including material recycling from WtE and MBT plants), and 3) effective recycling rates of 513 

household waste calculated from the material flows (including material recycling from WtE and MBT plants) 514 
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modeled in this paper as outputs sent to recycling industries multiplied by the substitution ratios (see Table 10). 515 

Figure 7 shows, for two impact categories (Climate Change and Human Toxicity, carcinogenic), the relationship 516 

between the impacts and the three different recycling rates. Results for the other impact categories can be found 517 

in SM 5.2. No clear general correlation was identified, except that a decrease in environmental impacts correlates 518 

with recycling being introduced, though any improvements are dubious at higher recycling rates. However, 519 

environmental benefits aligned with higher recycling rates seem to depend on the national context in terms of waste 520 

composition and level of technology. Further studies are needed to substantiate this notion, but the current study 521 

shows that there is no simple linear relationship between recycling rates and the environmental performance of 522 

household waste management systems.  523 

Table 10: Recycling rates  524 

 Recycling rates ( %) 

  
MSW for EU 2013 

Household waste counted 
 as input to recycling industries 

Household waste counted as input to 
recycling industry times substitution 

DE 64 % 55 % 48 % 
DK 44 % 41 % 37 % 
UK 43 % 32 % 28 % 
IT 39 % 28 % 26 % 
FR 39 % 26 % 24 % 
PL 24 % 13 % 10 % 
EL 19 % 8 % 6 % 

 525 

Figure 7: Correlation between recycling rates and results in mPE per ton in Climate Change (GW100) and Human toxicity, 526 
carcinogenic (HT-C). 527 

4 Conclusion 528 

The environmental impacts of the management of 1 ton of household waste were estimated for seven European 529 

countries, namely Germany, Denmark, France, UK, Italy, Poland, and Greece. In general, there is a large variation 530 

in how environmentally-sound waste management systems the different countries have. In many impact categories 531 

and in many countries, waste management provides an environmental saving when crediting the benefits of 532 

recycling materials and recovering energy.  France has a quite high recycling rate, but on average French WtE 533 

plants almost always produce significant environmental loads, because direct emissions offset the benefits of 534 

substituting the nation’s relatively “clean” electricity production dominated by nuclear power. Greece and Poland 535 

both landfill the majority of their household waste and are not very different environmentally, except that the high 536 

organic content of Greek household waste causes a significant environmental load in terms of global change, due 537 

to methane emissions.  538 
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The results show that material recycling in general leads to the largest environmental savings, especially 539 

regarding paper, metals, and, to a lesser extent, glass, PET, and HDPE. WtE plants can lead to environmental 540 

loads or savings, depending on the energy efficiency of the plant and on the composition of the energy being 541 

substituted. Due to the extensive use of district heating, Denmark is the only country in which energy recovery 542 

leads to significant environmental savings in almost all the impact categories studied. Food waste treatment via 543 

composting and anaerobic digestion provides currently only marginal environmental impacts. 544 

Consistent data quality assessment showed that there is room for improving the majority of data regarding 545 

household waste management; in LCA-terms, data quality is classified as “basic quality”. The sensitivity 546 

assessments revealed that the most important data to improve relate to household waste composition, household 547 

sorting efficiencies, material substitution in paper recycling, and for countries with WtE emissions from incineration 548 

plants and their recovery of energy. In countries with significant landfilling, data about landfill gas management and 549 

emissions should also be improved.  550 

The results clearly show that recycling provides clear environmental benefits when recovered materials 551 

are of high quality and can substitute high-quality raw materials in industry. However, no clear correlation was 552 

observed between recycling rates and environmental impacts, although in general, countries with higher recycling 553 

rates and limited use of landfilling also have higher environmental benefits from household waste management. 554 

The balance between material and energy recovery depends substantially on how much energy is recovered and 555 

on what the recovered energy substitutes. Heat recovery and utilization are crucial parameters in this regard.  556 

The overall lesson learned from this comprehensive study is that when landfilling is being reduced, as 557 

currently driven in Europe by European policy, we need a change of the paradigm, by switching from a traditional 558 

waste hierarchy that focuses on which facilities treat the waste, to a focus on quantifying the value of what the 559 

recovered materials and energy substitute. The management of household waste is always in itself a load on the 560 

environment (emissions, use of materials, and energy), and any benefits come only from what the recovered 561 

materials and energy substitute. The focus should be on outputs and not on inputs. We believe that such a 562 

paradigm change will lead to environmental improvements in European household waste management.    563 

Appendix A. Supplementary data  564 

The Supplementary Material contains detailed goal and scope description, background information, details and 565 

references to all the data and detailed results. It can be found in DTU Orbit (the official research database of the 566 

Technical University of Denmark) at http://orbit.dtu.dk/en/ and in Research Gate at 567 

https://www.researchgate.net/project/Environmental-performance-of-household-waste-management-in-Europe-568 

an-example-of-7-countries-Waste-Management. 569 
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