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[bookmark: _Toc501124600]Abstract
In Europe, 23% of the generated municipal solid waste (MSW) was landfilled in 2017. Despite the landfill targets which define waste and landfill requirements, there is still high variability in the waste management performance between EU Member States. Aim of the study was to give an overview of the variability of environmental impacts of MSW sanitary landfills in Europe in relation to the different levels of implementation of the requirements. Life cycle assessment (LCA) was adopted as tool to define the impacts of the different landfill conditions over a 100-year period. Based on previous studies, consistent methodological choices were made to allow comparability of the results. Four reference cases were defined based on average bulk MSW compositions to represent the European conditions, with  values of 18, 61, 90 and 138 [m3 CH4/ t waste]. Furthermore, multiple scenario analysis was used to increase the relevance of the assessment and address the variability of site-specific factors, such as waste composition, climatic conditions and landfill management, which influence the impacts of landfills. Results of the study showed the range of potential impacts in Europe in relation to the variation of influencing factors, with values for climate change ranging from 124 to 841 kg CO2 eq., and with environmental savings obtained for categories such as ecotoxicity and human toxicity for scenarios with landfill gas - to - energy (LFGTE) solutions. The results emphasized the dependence of landfill impacts on waste composition, but also on the LFG treatment and climatic conditions. The outcome of the study also highlights how low amounts of biodegradable fractions reduce the impacts of landfills, as well as their variability in relation to leachate production rates or LFG treatment solutions. Therefore the overall results support the current targets and requirements reported in the Waste Directive 2008/98/EC, Circular Economy package and Landfill Directive 1999/31/EC. 
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1. Introduction 
Municipal solid waste (MSW) represents only 10% of the total waste generated in Europe on average (Eurostat, 2019). However, landfills are still broadly used as waste disposal sites for MSW despite the environmental impacts and risks for human health, and despite being the least favourable option in the waste hierarchy (Circular Economy Package, Directive 2008/98/EC). Directive 1999/31 and Waste Directive 2008/98/EC, together with more recent amendments (2018/850 and 2018/851) and the Circular Economy package, have set the requirements to close open and/or illegal dumpsites and to control the structure of engineered landfills. New targets have been defined to ban the landfilling of biodegradable waste, to reduce landfilling rates of MSW by 10%, and to phase out the landfilling of recyclable waste by 75%. Nevertheless, around 32% of total MSW was landfilled in Europe in 2012, 23% in 2017 (Eurostat, 2019). While the decrease in MSW landfilling rates can be attributed to the landfill targets, there is still a high waste management performance variability between the EU Member States (EPRS, 2017). While countries such as Germany, Belgium, the Netherlands, etc., have already met the 2030 targets and have advanced waste and landfill management solutions, other countries can have more difficulties in reaching the targets. Due to differences in socio-economic conditions, EU countries are characterized by a wide range of waste generation rates, availability of waste management technologies and their related performance (EPRS, 2017). In this context, the overall goal of the study is to give an overview of the range of impacts of current MSW sanitary landfills in Europe. The study would enable to understand how the landfill waste targets and landfill management requirements address the environmental impacts related to MSW disposal sites.
Life cycle assessment (LCA) is commonly used to assess the environmental impacts of products or systems throughout their life cycle. It has gained increasing importance in supporting policy- and decision-making (Margallo et al., 2019). Moreover, it has been extensively adopted to assess the environmental performance of waste management technologies (Astrup et al., 2015; Cleary, 2009; Damgaard et al., 2011; Fruergaard et al., 2010; Laurent et al., 2014a, 2014b, Manfredi et al., 2010a, 2011; Moberg et al., 2005). The application of LCA to landfills is, however, more challenging compared to other waste management solutions, given the complexity of landfill sites and their management strategies, and given the long term effects of this disposal solution (Obersteiner et al., 2007). A literature review performed on LCA studies of landfills in Europe has highlighted the factors which have a higher influence on the environmental impacts of landfill sites: waste composition, climatic conditions and landfill management. As reported by Manfredi et al., (2010a, 2010b), the organic content of the landfilled waste has direct influence on the LFG generation and on the leachate composition. Manfredi et al. (2010a) present the positive implications of landfilling waste with a lower content of biodegradable matter, while Obersteiner et al. (2007) mentioned how different fractions determine different impacts to either water, air or soil. On the other hand, Damgaard et al. (2011) reported the impacts of different types of MSW landfills in Denmark, from the open dump to a conventional sanitary landfill with energy recovery. Furthermore, the landfill concept with accelerated aftercare was shown to reduce the emission potential stored in the landfill and reduce long term impacts (Ménard et al., 2004; Turner et al., 2017). The geographical location also affects the emission potential of the disposal sites. The leachate generation and emission potential is dependent on factors such as the meteorology, material properties, morphological factors, height and waste density of the landfill, etc. (Hjelmar et al., 2000; Obersteiner et al., 2007). In particular, arid or humid places affect differently the leachate generation in landfills (in orders of magnitude) (Damgaard et al., 2011; Hjelmar et al., 2000; Obersteiner et al., 2007).
The literature review also showed the limited comparability of landfill LCA studies due to differences in the LCA framework itself, assumptions and other methodological choices, life cycle inventory and case specific conditions. Complete results of the review are reported in the Supplementary Materials, and additional considerations can be found in Laurent et al. (2014a), Obersteiner et al. (2007). The choice of life cycle inventories, goal and scope, impact assessment method, assumptions, etc. influence the results (Cleary, 2009; Gentil et al., 2010; Henriksen et al., 2018; Kulczycka et al., 2015; Laurent et al., 2014a, 2014b; Obersteiner et al., 2007). Additional differences derive from different tools, methods and databases used for the assessment of the impacts (Kulczycka et al., 2015). The quality of the inventory data is of great importance, as are the software chosen for the LCA and the method for the impact assessment (Gentil et al., 2010; Kulczycka et al., 2015). For example, in terms of life cycle inventory, data related to waste management systems can either be empirically derived from measurements, or estimated based on modelling results. When addressing landfills, data must often be modelled or estimated due to the lack of monitoring data, site reports, etc. the long term emissions, and impacts, of landfills, cannot be modelled with precision. Assumptions and predictions are instead required, leading to increased uncertainties in the inventory and in the results (Henriksen et al., 2018; Obersteiner et al., 2007). In particular, Henriksen et al. (2018) discussed the need for LCI data to be representative of the systems assessed to provide relevant results and support decision making. The authors estimated the environmental impacts of landfills by highlighting how increasing context specificity in terms of technological and geographical characteristics can lead to increased representativeness of the LCI data.
The outcome of the literature review emphasized how the results of LCA studies of landfills are strictly dependent on the modelling choices, assumptions and quality of the data (Cleary, 2009; Gentil et al., 2010; Henriksen et al., 2018; Laurent et al., 2014a; Margallo et al., 2019; Obersteiner et al., 2007).  Moreover,  the type of landfill, waste composition, landfill management and site location significantly influence landfill emissions, making each assessment case-specific (Chalvatzaki & Lazaridis, 2010; Lou & Nair, 2009; Manfredi et al., 2009c, 2010a, 2010b; Margallo et al., 2019; Obersteiner et al., 2007).
To overcome the difficult comparability of landfill LCA studies due to methodological choices, the goal of the study is two-fold. On one side, the aim is to define a consistent LCA framework to assess, and compare, environmental impacts of landfills under varying site-specific conditions. On the other side, aim and novelty of the study is the assessment and comparison, under a consistent methodological framework, of the potential impacts of MSW sanitary landfills in the European context. The study could give an overview on how the different levels of implementation of the landfill targets in EU Member States define the range of impacts of MSW sanitary landfill in Europe. The estimation of the environmental impacts of landfills at a European level and under a same LCA framework would improve the comparability of the studies and underline the influence of site-specific conditions. The results could then be used to support currently implemented landfill targets. The study aims at providing means of comparison for European landfill cases, and is meant for waste management operators, policy makers and anyone who would be interested in understanding the influence of site-specific factors on the impacts of landfills. 
To obtain relevant results and achieve the above mentioned aim(s), the study builds on approaches already presented in reviewed studies (Henriksen et al., 2018; Manfredi et al., 2010b). Challenging for this study is, in fact, the definition and assessment of the European scenario while still maintaining the site/context-specificity required to obtain representative LCI modelling for landfills and relevant results (Henriksen et al., 2018).
2. Material and methods 
Multiple scenarios are developed to assess the influence of waste composition, climatic conditions and landfill management on the impacts of disposal sites, and to estimate a range of impact values for the European context. The approach adopted follows the one presented in (Henriksen et al., 2018) with the aim of improving the representativeness of the LCI data for the European cases. The study follows four main steps: (i) identification of European reference cases; (ii) scenario development; (iii) definition of a consistent LCA framework for the comparative assessment of the European cases; (iv) sensitivity analysis to address choices in parameter values and methodological assumptions. The following paragraphs introduce the reference cases, the reasoning behind their definition, and the calculation of landfill emissions. Eventually, the life cycle assessment framework is defined and results reported and discussed.
2.1. Characteristics of the cases 
The aim of the study is to assess landfill impacts at a European, and thus more general level, while still considering site-specific factors influencing the landfill performance. To improve the representativeness of the LCA models for the European context, reference cases are developed by analyzing available data on the emission potential of landfilled MSW in European countries. In particular, landfill gas (LFG) and leachate emission potential for each case were estimated from the waste composition and considering the landfill climatic conditions of the case studies. However, given the lack of direct data from specific landfills, assumptions are made and will be reported in the study. For example, due to the limited statistic data available, no consistent information was found on the amount of each MSW fraction sent to landfill in each European country. The emission potential for the European cases is thus derived from data available in literature. In particular, the first order decay (FOD) model is used to estimate landfill gas production rates and emissions (Amini et al., 2012; Chalvatzaki et al., 2010; Krause et al., 2016b, 2016a; Laurent et al., 2014b). The US EPA LandGem model (version 3.02), which relies on the FOD model, is used in this study to calculate the amount of LFG generated per ton of waste. The main parameters required as input for the FOD model are the methane generation potential  [m3 CH4/ t waste] and the methane generation rate k [year-1]. k represents the rate of degradation of the waste and depends on the moisture content of the landfill waste, the climatic conditions, engineered conditions, environmental conditions (temperature, moisture content, etc.).  represents the total amount of methane obtainable from the carbon present in the landfill and expresses the landfill gas production potential of the landfilled waste. Further information on  and k is provided in Appendix B in the SM. 
2.1.1. [bookmark: _Toc501124622]Methane generation potential (L0)
Fraction-related values to calculate  were found in literature (Amini et al., 2012; Krause et al., 2016a; Manfredi et al., 2010b). However, no information on waste fractions was available for all European countries considered. On the other hand, reported  values from 2012 were found for most European countries in the National Inventory report  (Krause et al., 2016b) and are reported in the Supplementary Materials (Table 5, Appendix B). The  values reported by each country refer to the methane generation potential per ton of MSW landfilled in that specific country. Being methane generation potential values available for most European countries and assuming that  represents the different waste compositions, the values are used in this study. In fact, these values represent the best available values to compare the potential environmental impacts of MSW landfills around Europe and describe the dependency of the FOD model on the  and therefore on the DOC and on the waste composition. Nevertheless, it is important to consider the high variability of country-specific protocols in the definition of the parameters and the consequent uncertainties in the analysis. 
2.1.2. [bookmark: _Toc501124623]Methane generation rate (k)
The values for k are defined based on the IPCC (2006) reported values and considering average climate European conditions. In particular, default and average values of k are reported in the IPCC Guidelines for both dry and wet zones. Dry and wet zones are defined by the ration between the Mean Annual Precipitation (MAP) and the Potential Evapotranspiration (PET), with MAP/PET>1 representing a wet zone and MAP/PET <1 a dry zone. 
2.2. Selection of the reference cases
Four reference cases are identified based on the country-specific methane generation potentials obtained in literature (Krause et al., 2016b). The definition of the reference cases is made by statistically clustering the values, and thus countries, in groups. Further information on the approach is available in Appendix B of the SM. From the results of the clustering, four groups of countries in Europe with similar values for  are identified. These groups define the four reference cases, or geographic zones, which are further assessed in the study. The same k-means clustering algorithm used gives as output the mean  values for every zone which is used as input for each case in the LandGem model. For every zone, values for the surface area, MAP and PET are defined. More information is available in Appendix B of the SM. The amount of leachate is calculated from the water balance applied to the site (Adhikari et al., 2014; Hjelmar et al., 2000) assuming no storage of water within the landfill body, no change in moisture of the waste, no change in moisture of the landfill itself, and no water run-off. These simplifications are a consequence of the generalisations made to identify the cases and on the relative lack of more specific data on the landfill and waste in the identified zones. The final amount of leachate potentially generated per year is calculated as the difference between the amount of rainfall (MAP) and the evapotranspiration (ET). The results for the four reference cases are summarized in Table 1.
[bookmark: _Ref495670305][bookmark: _Ref501111402]Table 1. Definition and characterization of the 4 identified European zones in terms of surface area, Mean Annual Precipitation (MAP), Evapotranspiration (ET), MAP/PET and annual leachate generation [mm/year]. 
	Zone
	[m3 CH4/ton MSW]
	Countries
	Surface area [km2]
	MAP [mm/year]
	ET [mm/year]
	MAP/PET 
	Leachate generation [mm/year]

	1
	18
	DE, BE, NL, L, SI
	91981.00
	828.02
	414.59
	1.99
	404.00


	2
	61
	HR, DK, BG, HU, LT, PL, RO, SK, ES, UK, EE
	1648157.00
	729.52
	420.93
	1.73

	275.00

	3
	90
	CZ, FI, GR, IE, IT, LV, PT
	1079285.00

	771.33
	420.93
	1.83

	306.00


	4
	138
	CY
	366419.00
	498.00
	218.00
	2.28

	280.00




Considering the MAP/PET values obtained for the zones,  [year-1] is chosen. This value is the default value suggested in the IPCC Guidelines for Continental climates when considering bulk waste and when MAP/PET > 1 (Pipatti et al., 2006). 
2.2.1. [bookmark: _Toc501124625]The LandGem model and the landfill gas (LFG) emission potential of the cases
Other required user inputs for the LandGem model are the landfill open and closure years and the waste design capacity. Based on the literature studies, average values for the bulk waste density (1 t/m3), for the landfill waste capacity (18’000’000 t), and for the average filling phase of 20 years (from 2012 to 2032) are chosen (Cherubini et al., 2009; Fernandez-Nava et al., 2014; Manfredi & Christensen, 2009a; Niskanen et al., 2009). Based on these values, the waste acceptance rate is assumed constant throughout the 20 years of operational period at 900’000 t/y. The possible variations of  and k due to the variation in waste composition and climate conditions of the countries during the 20 years is neglected in the model. Indeed, both factors can vary significantly over the years, if considering the varying amount of precipitations and the increasing temperatures. Climate change will lead to more extreme weather events, such as heat waves and droughts, heavy rainfalls and flooding. Moreover, the new waste targets (Landfill Directive 1999/31/EC, Waste Framework Directive 2008/98/EC, EU Action Plan for the Circular Economy) could lead to changing parameters in time. Nevertheless, these uncertainties are not considered in this study. 
The results from the LandGem model provide data on the amount of landfill gas produced in each case over a time period of 100 years. The results are reported in Figure 1 and confirm the dependency of the amount of landfill gas produced, and the consequent impacts, on the waste composition and in particular on the amount of biodegradable organic matter (Manfredi et al., 2010a; Obersteiner et al., 2007; Pipatti et al., 2006). 
[image: ]
[bookmark: _Ref495673812]Figure 1. Results from the LandGem model on the amount of landfill gas produced [m3/year] for the 4 different cases (=18, 61, 90, 138) over 100 years. 

2.2.2. [bookmark: _Ref499038616][bookmark: _Toc501124626]Landfill gas and leachate composition
To calculate the amount of pollutants emitted for both LFG and leachate, an empirical model provided in the study by Manfredi et al. (2010b) is adopted. In the study, the cumulative emissions of each substance are calculated as function of the amount of pollutant in each waste fraction, the percentage of decomposable matter, and the actual amount of element that is emitted as either leachate or landfill gas. From the cumulative emissions of each element for the total waste stream, concentrations of each element in the emitted LFG or leachate are then calculated and reported as [g/Nm3] and [mg/l] respectively. Since the implementation of this methodology requires waste fractions as inputs to the model, an average European composition of landfilled MSW is taken as reference from the study by Laner et al. (2016). The waste composition of the young landfill described in the study is assumed to be similar to fresh MSW and taken as reference. This reference waste composition is represented by a   [m3 CH4/Mg MSW]. The waste fractions reported are then used to derive the concentrations of pollutants [g/Nm3]. Having calculated the amount of pollutants [g/Nm3] for , which represents the literature average waste composition, the amounts of pollutants for the four European reference cases are calculated proportionally. In fact, the concentrations of pollutants in LFG are a function of the organics, paper and OCW (other combustible waste), or simply of the biodegradable fractions. Considering the mentioned relation between  and the amount of biodegradable fractions in the cases, and considering the dependency of the amount of pollutants on the amount of biodegradable fraction, the proportional relation is considered acceptable for the estimation of the case-specific landfill gas emissions and for the scope of the study. 
The composition of leachate is also derived by first calculating it for the average case () and then proportionally calculated for the four cases. However, it must be taken into account that considering the quality of leachate proportional to the biodegradable fraction, and thus to , is a considerable simplification. In fact, leachate composition is also dependent on other fractions, such as metals, glass, plastics and ONCW (other non-combustible waste) (Manfredi et al., 2010b). The lack of specific data on the waste fractions for the case studies prevents a complete estimation. This simplification is here considered acceptable based on the goal of the study. In fact, the influence of waste composition, local climatic conditions and system boundaries can still be assessed. 
2.3. Scenario development
A similar approach as in (Henriksen et al., 2018) is adopted in this study. Several scenarios are developed to assess the influence of site-specific factors on the landfill impacts and to estimate a range of impact values for the European context. While (bulk) waste composition is used to define the reference cases, the scenarios are built in relation to varying climatic conditions and landfill gas treatment technologies. For each reference case, 12 additional scenarios are developed to integrate in the assessment a combined variability of the factors. Figure 2 summarizes the scenario development process. The choice of factors and the scenarios developed are in line with the goal of the study of evaluating impacts of MSW sanitary landfills in Europe. Differences with the study by Henriksen et al. (2018) lie in the inclusion of waste composition for the definition of the cases, and the choice of the technological and geographical parameters. 
[bookmark: _Ref26375040]Figure 2.  Scenario development approach with varying site-specific factors. The scheme and approach were adapted from the study by (Henriksen et al., 2018). 
[image: ]
For each case, 3 leachate production rates and 4 LFG treatment technologies are assessed. The leachate production rates considered are the average per zone, and the maximum and minimum values obtained in Europe, 875 mm/year and 111 mm/year respectively. In this study, three LFG to energy (LFGTE) scenarios are analyzed for each case to assess the potential environmental benefits that could derive from different technology setups and for different LFG production rates. Energy recovery from landfill gas can be performed in different ways, from heat recovery, to electricity production, to recovery of methane for further applications or its conversion to bio-diesel or methanol (Bove & Lunghi, 2006).  In this study, heat recovery from direct combustion in boiler and electricity production with an internal combustion engine (ICE) are assessed. A further analysis is conducted to take into account the potential cogeneration of electricity and heat. Benefits of CHP for LFG to energy applications is the increased overall efficiency that can be obtained (Ken et al., 2017). Energy recovery scenarios are compared to on-site flaring of the LFG. Flares are usually used as alternative for LFG treatment in landfills when the combustion of landfill gas for energy recovery is not implemented (Landfill Directive 1999/31/EC). 
The variability in LFG and leachate collection efficiencies, and LFG oxidation rates, were not taken into account in the scenario definition, but are further discussed in the sensitivity analysis.  
2.4. Life cycle assessment framework 
Life cycle assessment is a tool, defined under the ISO 14040:2006, which is used to estimate the environmental impacts of product systems throughout their whole life cycle. The LCA framework includes four main steps defined by the ISO standards 14041-14045: (i) goal and scope definition, where the goal of the study, the system boundaries, and the functional unit on which the scenarios are compared are described; (ii) the life cycle inventory (LCI); (iii) the life cycle impact assessment (LCIA), where emissions are classified in impact categories and characterize to define the impact values; (iv) interpretation. 
For the LCA of the 48 scenarios, GaBi 8.0 was used. Although aware of the benefits of using dedicated waste-LCA tools for the modelling of waste management strategies (Kulczycka et al., 2015; Laurent et al., 2014a, 2014b), the choice of the software was dictated by its availability. Moreover, since no reviewed study appeared to use this tool, it was considered an interesting addition to the literature.
1.1. 
1.2. 
1.2.1. 
2.4.1. Goal and Scope definition
The goal of this study is to assess the impacts of MSW sanitary landfills in the European context to understand the environmental implications of landfills and waste directives. The comparison of scenarios under a consistent methodological framework would then allow to evaluate the impact of methodological choices and site-specific factors on the environmental impacts of disposal sites. 
[bookmark: _GoBack]The chosen functional unit for the study is “1 ton of MSW waste disposed in a landfill with an average height of 20 m and a waste density of 1 t/m3”. A time frame of 100 year from the start of the operational period of the landfill is considered. 
Figure 3 summarizes the system boundaries adopted for the four reference cases. Waste collection and source separation are not taken into account in this study, as no specific data on collection strategies can be identified as these are usually locally defined. However, since the aim of the study was also to assess the impact of modelling choices, capital goods and transport are included. 
[image: ]
[bookmark: _Ref29571524]Figure 3. Schematic diagram of the system boundaries of the LCA studies of the four cases, as recommended in the ILCD Handbook (Laurent et al., 2014b).
2.4.2. [bookmark: _Ref529284810]Life Cycle Inventory
The inventory data for this study was mainly obtained from literature studies reviewed (Amini et al., 2012; Damgaard et al., 2011; Doka, 2003, 2009, Laner et al., 2012, 2016, Manfredi et al., 2009c, 2010b, 2010a, 2009a), and from statistical values (Eurostat). The landfill model includes the landfill infrastructure with leachate and landfill gas collection and treatment system. The treatment of leachate in an on-site wastewater treatment plant (WWTP) is considered. The data for the modelling of the landfill site was taken from Doka (2009) and adapted to the landfill characteristics. The model also included the electricity and diesel consumption for the operation of the landfill in terms of machinery to compact waste, landfill gas collection system, final cover installation, etc. (see Tables 7 and 8 in the Supplementary Information). For the background processes, such as the energy mix, average European processes were used. 
Landfill gas and leachate collection and treatment 
Given the complexity of landfills and of their management over time, the 100 year time frame is divided in four periods to better represent the variations in time of the emissions. Variations in time of LFG and leachate emissions, collection and treatment efficiencies are then modelled according to the time periods identified (Table 2) and following previous studies (Damgaard et al., 2011; Manfredi et al., 2009b, 2009c, 2010a, 2010b; Niskanen et al., 2009).
[bookmark: _Ref499111972]Table 2. Summary of the collection and treatment parameters’ values for both leachate and landfill gas. 
	
	Period 1
	Period 2
	Period 3
	Period 3
	Period 4
	Period 4

	
	
	
	
	Top-cover installed
	
	no aftercare

	Years
	2
	8
	10
	20
	10
	50

	Leachate
	 
	 
	 
	 
	 
	 

	Leachate production  [%]
	100.00
	90.00
	80.00
	50.00
	40.00
	40.00

	Leachate collection [%]
	95.00
	95.00
	95.00
	95.00
	95.00
	0.00

	Landfill gas
	 
	 
	 
	 
	 
	 

	LFG production  [%]
	0.43
	15.10
	36.00
	40.50
	4.76
	3.23

	LFG collection (and flaring) [%]
	0.00
	50.00
	50.00
	75.00
	75.00
	0.00

	LFG oxidised [%]
	0.00
	0.00
	0.00
	36.00
	36.00
	36.00



According to literature, landfill gas collection efficiency can range from around 45% to an ideal value of 100% (Arena et al., 2003; Cherubini et al., 2009; Fernandez-Nava et al., 2014; Fiorentino et al., 2015; Moberg et al., 2005) and is affected by the landfill cover and by the extension of the collection system (Barlaz et al., 2009). The LFG collection efficiency is often dependent on the cover type used at the site. Based on the results of the study by Barlaz, Chanton and Green  (2009), different efficiencies are identified for the different periods considered in this study. For leachate, instead, a collection efficiency of 95% is assumed constant throughout the whole period. The remaining 5% is assumed to be directly emitted to groundwater. However, this simplification does not take into account the possible degradation and failure of the containment system. This is further discussed in the sensitivity analysis in paragraph 2.4.4. After the aftercare period of 30 years, a 0% collection efficiency is assumed for both leachate and landfill gas for the remaining 50 years. Indeed, this represents a significant approximation, as the length of the aftercare period depends on the environmental regulations at the site. 
For landfill gas flaring an efficiency of 100% is considered (Willis, 2013). For energy recovery, the LFG is either directly combusted in a boiler for heat recovery, with an efficiency of 80% (Damgaard et al., 2011), or treated in internal combustion engines (ICE) for electricity recovery with an efficiency of 33% (Bove et al., 2006). A further solution considers the treatment of LFG for combined heat and power recovery (CHP) with an electrical efficiency of 30% and a thermal efficiency of 45% (Ken et al., 2017). The emissions for the different landfill gas technologies were obtained from literature (Damgaard et al., 2011; USEPA, 2008).
The methane oxidation potential of the landfill top cover is derived from literature (Abushammala et al., 2014). The main factors influencing the oxidation rate are soil texture, moisture and organic content, pH, temperature, oxygen and methane concentrations. The range of values can vary from 0% to 100%, depending also on the thickness of the soil cover. For an average soil type cover, the average oxidation rate is 36% of the methane not collected and transported in the soil (Chanton et al., 2009). This value, although very different from other values encountered in literature (Damgaard et al., 2011; Manfredi et al., 2009a), better represents the case (soil type cover) and is here used. The carbon dioxide emissions from flaring and methane oxidation are calculated from the methane combustion reaction, obtaining a factor of 2.75 which is then multiplied by the amount of methane emitted [g/m3 LFG], and either oxidized or flared, and added to the direct CO2 emissions from the gas.
For the treatment of the collected leachate from the landfill, a waste water treatment plant (WWTP) model is created using the Ecoinvent database, the related documentation by Doka et al. (2009), and adapted to the study. Average transfer coefficients are available in the Ecoinvent report and are here used and adapted to model the four cases studied (Doka, 2003). Transfer coefficients (Table 11 in the Appendix) are used to assess the percentage of pollutant that precipitates and ends in the sludge, the percentage that is emitted to air (in case of the carbon compounds), and the percentage that is emitted to surface water. The final disposal of the sludge derived from the WWTP is instead considered to be re-landfilled. The Ecoinvent model is used without further modification. 
The emissions and transfer coefficients adopted in this study for LFG and leachate treatment are reported in Appendix B.
2.4.3. Life cycle Impact Assessment 
Given the high impacts of landfills on human health and ecosystems caused by the release of chemicals (Cleary, 2009; Laurent et al., 2014b), both ordinary and toxicity-related impact categories are considered in the impact assessment. In particular these include climate change (GWP, Global Warming Potential), Acidification Potential (AP), Ozone Depletion Potential (ODP), Human Toxicity Potential (HT), Ecotoxicity (ET), Terrestrial and Aquatic (Marine and Freshwater) Eutrophication (EUx). In this study, the ILCD methodology, which can be found in GaBi and which relies on the recommended assessment methods reported in the ILCD Guidelines (JRC European commission, 2011), is chosen for the estimation of the results. A summary of the recommended assessment methods for the categories is reported in the Supplementary Materials (Table 12, Appendix B). The normalization step is also included in the assessment. In this stage of the LCA, results of the LCIA are normalized based on the average impact per person over a year. The normalization factors (NFs) recommended in the ILCD Guidelines are used in this study (Table 1, Appendix B).
2.4.4. [bookmark: _Ref30495985]Sensitivity analysis 
A sensitivity analysis is performed on site-specific parameters which depend on the landfill site conditions and on potential events (i.e. degradation/failure of the bottom liner) which should be considered in the estimation of the landfill performance (Damgaard et al., 2011; Manfredi et al., 2009a; Pivato, 2011; Turner et al., 2017). In particular, the parameters to address are identified based on previous research and assumptions made in this study. A further explanation of the choice of parameters and values is presented in Appendix B of the SM. Table 3 summarizes the parameters addressed in the sensitivity analysis and the values used. 
[bookmark: _Ref29571653]Table 3. Summary of collection efficiencies used in the benchmark scenario and in the sensitivity analysis for landfill gas and leachate.
	
	Period 1
	Period 2
	Period 3
	Period 3.2
	Period 4
	Period 4.2

	 
	 
	 
	 
	top cover soil
	 
	no aftercare

	Years
	2
	8
	10
	20
	10
	50

	Fixed parameters
	 
	 
	 
	
	 
	

	LFG production  [%]
	0.40
	13.80
	34.00
	41.45
	5.80
	4.60

	Leachate production  [%]
	100.00
	90.00
	80.00
	50.00
	40.00
	40.00

	Parameters for the sensitivity 
	
	
	
	
	
	

	LFG collection [%]
	0.00
	50.00
	50.00
	75.00
	75.00
	0.00

	LFG collection + 10%
	 0.00
	 0.00
	 55.00
	 82.50
	 82.50
	 0.00

	LFG collection – 10%
	0.00
	0.00
	45.00
	67.50
	67.50
	0.00

	
	
	
	
	
	
	

	LFG flaring efficiency [%]
	0.00
	0.00
	100.00
	100.00
	100.00
	0.00

	LFG flaring efficiency – 10%
	0.00
	0.00
	90.00
	90.00
	90.00
	0.00

	
	
	
	
	
	
	

	Methane oxidation [%]
	0.00
	0.00
	0.00
	36.00
	36.00
	36.00

	IPCC Guidelines [%]
	0.00
	0.00
	0.00
	10.00
	10.00
	10.00

	Literature
	0.00
	0.00
	0.00
	80.00
	80.00
	80.00

	
	
	
	
	
	
	

	Leachate collection [%]
	95.00
	95.00
	95.00
	95.00
	95.00
	0.00

	Leachate collection with degradation of bottom liner [%] 
	95.00
	95.00
	95.00
	70.00
	50.00
	0.00



A further sensitivity analysis is performed on the transport process to define the influence of modelling choices on the LCA results. The transport distance was varied by +/- 50% leading to values of 25km and 75 km. 
To assess the sensitivity of the results to the variation of the parameters, the sensitivity ratio (SR) is estimate for all scenarios according to equation 1. 
                 )                                                                                                                (1)
The SR defines how much the results can vary for the variation of the addressed parameter. It communicates the sensitivity of the model to parameter uncertainty (Clavreul et al., 2012).  
3. [bookmark: _Ref529461370]Results
A contribution analysis was conducted on all 48 scenarios to assess the influence of methodological choices and the effects of climatic conditions and LFG treatment options on the results of the impact categories. In particular, two aspects related to the definition of the system boundaries were analysed: the inclusion of infrastructure and transportation of the MSW to the disposal site. Different studies have reported different contributions of infrastructure to impact categories, with values ranging from 1-2% for climate change to 85% for several other impact categories (Laurent et al., 2014c). The influence depends on the solid waste management systems (SWMS) analysed and impact categories addressed. In this study, the contribution analysis showed how capital goods had high influence on categories such as acidification potential (AP), terrestrial eutrophication (EUt), Ozone depletion (OD), and the toxicity categories (HT, ET). However, the values were seen to vary depending on the scenarios, and particularly with the LFG treatment solution applied which had high contributions to the same categories. Moreover, the influence of infrastructure on the results decreased with increasing value of , as direct emissions from landfill, WWT and LFG treatment gained increasing importance in the results. These results confirm the relative contribution of infrastructure to the overall results and the dependence on the SWMS assessed and the impact categories addressed (Laurent et al., 2014b). Similar results can be seen for the transport process, although with a reduced overall influence on the results. Values for transport range from 0-17% depending on the categories and on the reference cases. The impact categories majorly influenced by the transport process are AP and EUt, followed by EUm and GWP. Figure 4 shows the results of the contribution analysis for the mentioned impact categories. The values per reference case are average values of the 12 scenarios dependent on each  value. Complete results of the contribution analysis can be found in the SM (Tables 14 to 17 in Appendix B).
[image: ]
[bookmark: _Ref30167211]Figure 4. Contribution analysis for six impact categories where infrastructure and transport have highest influence.
In Figure 5 the results for the comparative assessment of the 48 scenarios are plotted for climate change [kg CO2 eq./FU], ecotoxicity [CTUe/FU], and human toxicity [CTUh/FU]. These categories were chosen as they are affected by the LFG and leachate emissions and treatment (Henriksen et al., 2018). Normalized results for all impact categories are reported in Table 4, and additional information on the results is available in the SM.   
[bookmark: _Ref26366347]Table 4. Summary of normalized results for all impact categories addressed. Results are reported in min, mean and max values per reference cases. The values represent the ranges of results obtained for the 12 scenarios for each case. 
	
	
	GWP
	AP
	EUt
	EUm
	EUf
	OD
	HT
	ET

	
	Min
	1.04E-02
	3.07E-03
	2.62E-03
	6.62E-03
	1.57E-02
	2.60E-04
	-8.66E-03
	-6.85E-03

	18
	Mean
	1.17E-02
	3.94E-03
	5.01E-03
	2.23E-02
	1.01E-01
	3.16E-04
	4.33E-02
	3.02E-03

	
	Max
	1.36E-02
	4.73E-03
	7.43E-03
	4.00E-02
	1.99E-01
	4.00E-04
	9.99E-02
	1.32E-02

	
	Min
	3.11E-02
	2.76E-03
	2.74E-03
	1.66E-02
	4.81E-02
	2.97E-04
	-9.26E-02
	-4.16E-02

	61
	Mean
	3.56E-02
	5.69E-03
	1.08E-02
	6.53E-02
	3.12E-01
	4.85E-04
	7.38E-02
	-8.93E-03

	
	Max
	4.20E-02
	8.35E-03
	1.91E-02
	1.30E-01
	6.68E-01
	7.72E-04
	2.75E-01
	2.62E-02

	
	Min
	4.50E-02
	2.51E-03
	2.79E-03
	2.33E-02
	6.99E-02
	5.47E-04
	-1.49E-01
	-6.56E-02

	90
	Mean
	5.17E-02
	6.83E-03
	1.48E-02
	9.73E-02
	4.75E-01
	8.25E-04
	1.02E-01
	-1.71E-02

	
	Max
	6.12E-02
	1.07E-02
	2.69E-02
	1.89E-01
	9.85E-01
	1.25E-03
	3.93E-01
	3.43E-02

	
	Min
	6.82E-02
	2.15E-03
	2.92E-03
	3.46E-02
	1.06E-01
	1.36E-03
	-2.33E-01
	-1.04E-01

	138
	Mean
	7.83E-02
	8.78E-03
	2.13E-02
	1.42E-01
	6.87E-01
	1.79E-03
	1.37E-01
	-3.11E-02

	
	Max
	9.30E-02
	1.48E-02
	3.98E-02
	2.90E-01
	1.51E+00
	2.43E-03
	5.98E-01
	4.87E-02



The ranges of values in Table 4 represent the range of impacts for the 12 scenarios per reference case. These ranges show how the variability of the influencing factors affects the results, and to what extent. In particular, for all impact categories, a variation in waste composition increases the range of results in both positive (burden) and negative (savings) impacts. This confirms the significant influence of waste composition and, in particular, of the amount of biodegradable fraction on the impacts of landfills, independently from the landfill management and climatic conditions. For the scenarios with LFG treatment for energy recovery, higher avoided impacts are achieved for higher   values. This is due to the higher amount of LFG produced.  However, in categories mainly affected by direct landfill emissions, such as climate change and ozone depletion, the savings associated to energy recovery do not outweigh the impacts. On the other hand, the impacts associated to ecotoxicity are also highly affected by the avoided burdens from energy recovery. In scenarios with electricity recovery and CHP, the savings outweigh the impacts related to WWT and direct landfill emissions. A similar trend can be observed for human toxicity (HT), where however the benefits of electricity recovery do not compensate the impacts from landfill emissions and WWT in as many scenarios as for ET. It is important to notice that the results for the scenarios with energy recovery are strictly related to the electricity mix and heat production process considered as energy technologies. In this study, heat production by natural gas and an average EU electricity mix were used. 
The influence of leachate production rates on landfill impacts can be seen in the results of EUm, EUf, ET and HT. In these categories, WWT emissions and direct leachate emissions from the landfill have high contributions. The variation in leachate production volumes, and thus amount of leachate to groundwater and to treatment, influences the results. Moreover, being leachate composition dependent on the waste composition, scenarios related to higher values of   show higher variations in the results for the mentioned categories with varying climatic conditions. 
[image: ]
[image: ]
[bookmark: _Ref29572683]Figure 5. Results of the comparative assessment for climate change [kg CO2 eq./FU], human toxicity [CTUh/FU], ecotoxicity [CTUe/FU].  All results are reported in unit/functional unit (1 ton of MSW landfilled). The box-plots are created based on the results for the 12 scenarios per reference case. 
The results of the sensitivity analysis confirm the considerations made above. The influence of flaring and oxidation efficiencies on GWP and OD is proportional to the waste composition, with SRs increasing with increasing   (Table 5). In particular, the results for the two impact categories are highly sensitive to the flaring efficiency. A variation of 10% of this parameter could lead to a variation of 3-17% in the GWP results. On the other hand, the toxicity categories have a less expected behaviour when addressing leachate collection. As main contributors to these categories are the WWT and energy recovery processes, the resulting sensitivity indices appear to suggest a decrease of impacts when reducing the leachate collection efficiency, due to the treatment of a lower amount of leachate. However, these results are strictly related to the modelling choice and the contribution analysis, and should be interpreted accordingly. In particular, high SR values are obtained for  =18 in ecotoxicity for scenarios with CHP and high leachate production rates. Due to lower LFG production rates, ecotoxicity results are dominated by impacts related to WWT and, in particular, sludge disposal. These impacts are higher than the ones related to direct landfill emissions, dominating the impact trend in the sensitivity analysis. This effect is less evident in the other cases, characterized by higher LFG production rates and thus higher influence of LFG treatment. 
[bookmark: _Ref26361365]Table 5. Summary of results of the sensitivity analysis. Sensitivity ratios are reported for the 4 reference cases and averaged over the scenarios. The reported results are related to the impact categories mostly influenced by the parameters’ variation. Only results of SR>1 are considered here. 
	
	
	 =18
	
	
	 =61
	

	
	Min
	Average
	Max
	Min
	Average
	Max

	LFG collection_GWP
	-0.20
	-0.17
	-0.13
	-0.20
	-0.17
	-0.12

	LFG collection_HT
	-0.83
	-0.06
	-0.01
	-0.52
	-0.13
	0.00

	LFG collection_ET
	-1.18
	-0.12
	0.00
	-0.21
	-0.13
	0.00

	Leachate collection_EUm
	-0.17
	-0.13
	-0.06
	-0.20
	-0.15
	-0.08

	Leachate collection_EUf
	0.25
	0.28
	0.44
	0.27
	0.29
	0.48

	Leachate collection_HT
	0.06
	0.25
	0.59
	0.09
	0.24
	0.76

	Leachate collection_ET
	0.02
	0.09
	1.24
	0.02
	0.08
	0.22

	LFG_flaring_GWP
	-0.30
	0.00
	0.00
	-1.61
	0.00
	0.00

	LFG flaring_OD
	-0.13
	0.00
	0.00
	-0.82
	0.00
	0.00

	LFG flaring_HT
	0.00
	0.00
	0.00
	-0.12
	0.00
	0.00

	LFG oxidation rate_GWP
	-0.16
	-0.15
	-0.13
	-0.19
	-0.17
	-0.14

	
	
	 =90
	
	
	 =138
	

	
	Min
	Average
	Max
	Min
	Average
	Max

	LFG collection_GWP
	-0.21
	-0.17
	-0.13
	-0.21
	-0.18
	-0.13

	LFG collection_HT
	-0.60
	-0.09
	0.00
	-0.35
	-0.10
	-0.01

	LFG collection_ET
	-0.19
	0.09
	0.00
	-0.18
	-0.11
	0.00

	Leachate collection_EUm
	-0.19
	-0.16
	-0.08
	-0.18
	-0.16
	-0.08

	Leachate collection_EUf
	0.27
	0.28
	0.48
	0.26
	0.28
	0.49

	Leachate collection_HT
	0.08
	0.24
	0.98
	0.07
	0.24
	0.63

	Leachate collection_ET
	0.01
	0.16
	0.25
	0.02
	0.17
	0.27

	LFG_flaring_GWP
	-1.64
	0.00
	0.00
	-1.69
	0.00
	0.00

	LFG flaring_OD
	-1.07
	0.00
	0.00
	-1.25
	0.00
	0.00

	LFG flaring_HT
	-0.20
	0.00
	0.00
	-0.31
	0.00
	0.00

	LFG oxidation rate_GWP
	-0.19
	-0.17
	-0.14
	-0.19
	-0.17
	-0.14



The sensitivity results highlight the significant dependence of landfill impacts on waste composition and, though to a minor extent, to climatic conditions. Moreover, the results also emphasize the importance of LFG treatment and the efficiencies of the processes. It is, however, important to consider the influence of modelling choices and the related uncertainties when analysing these results. 
4. Discussion
In relation to the modelling choices, the high contributions of infrastructure and, to a minor extent, transport in certain impact categories (AP, EUt, ET, HT, OD) have shown how these processes should not be neglected a priori. Choices related to system boundaries should be made based on the goal of the study and the system(s) assessed and compared (Cleary, 2009; Fernandez-Nava et al., 2014; Laurent et al., 2014b). 
The outcome confirmed a wide range of performances of landfills in different EU Member States (EPRS, 2017). The study highlighted the dependency of environmental impacts of disposal sites on waste composition (in all impact categories), as well as climatic conditions (HT, ET, EUm, EUf, etc.), and landfill gas management (GWP, AP, EUt, OD, HT, ET). The results of the study are in line with previous literature, although differences exist due to modelling choices and data availability (see Table 25 in Appendix B). In particular, Arena et al. (2003) reported results for GWP of 500 kg CO2 eq./t waste with an   value of 60 m3 CH4/t waste. This result appears higher than the result of the scenarios with  =61. On the other hand, results from Damgaard et al. (2011) and Manfredi et al. (2009b and 2009a) report lower impacts for all scenarios, with results reaching negative values for those with energy recovery. Results obtained go from -0.025 to +0.02 PE/t waste, for landfills with  values of 73 to 85.5 m3 CH4/t waste. According to the results of this study, these values could be associated to scenarios with  values between 18 and 61. These differences could be linked to the different LFG collection efficiencies (higher in the reviewed studies), or modelling choices and assumptions made. Moreover, different normalization factors are used in the studies which could lead to further differences. For the categories of ET and HT, results are instead in line with previous literature. The results in Henriksen et al. (2018) show high environmental savings in GWP (293 to -457 kg CO2 eq./ t waste), which are not obtained in the 48 scenarios of this study (841 to 95.7 kg CO2 eq.). In Henriksen et al. (2018), the environmental savings are dependent on the energy recovery but also on the biogenic carbon stored in the landfill, which is here not accounted for. Higher HT values were instead obtained in this study, with values ranging from -2.68E-05 to 5.99E-05 CTUh/t waste. The differences with the other studies (Henriksen et al., 2018; Manfredi et al., 2010a) could be due to the high leachate production rates, waste compositions considered, and modelling choices. The high impacts for freshwater eutrophication (EUf), which dominate the total normalized results in this study (Table  22 and Figure 6 in Appendix B), are related to the disposal of the sludge from the WWT process in a residual landfill as confirmed by the contribution analysis. The much higher impacts associated to the category compared to previous studies can be related to modelling choices, as an ecoinvent process for residual landfill was directly used in the model without further adaptation. Moreover, overestimations of the impacts in EUf could be due to the assumption of disposal of the total amount of sludge produced. According to (Doka, 2009), a drying process is usually implemented to reduce the moisture content, and amount, of the sludge. However, given the lack of specific data on the process, the ecoinvent process was adopted and applied as described. These considerations should be taken into account when considering the results of EUf. On the other hand, the overall trend of the impacts still takes into account the influence of site-specific factors. 
Further differences in the results, in all categories, could also be related to the choice of the technological and geographical factors in the scenario development. For example, high LFG collection efficiencies assumed in some scenarios could lead to decreased landfill emissions and increased LFG treatment and energy recovery which directly affect the GWP values. The data availability, and thus simplifications and modelling assumptions, could the affect the results. 
Major limitation in the study is the LCI data gathered for the modelling of the LCA. Literature data was used for the comparative assessment of 48 landfill scenarios and no further uncertainty analysis was conducted. The simplifications applied for the estimation of leachate emissions also lead to uncertainties (Clavreul et al., 2012). Although a scenario analysis and sensitivity analysis were performed to overcome, to some extent, this limitation and increase the representativeness of the models, the results carry a high level of uncertainty. Moreover, not all factors were addressed in the scenario development and sensitivity analysis. Therefore, results must be considered and used in relation to the data used and assumptions made. 
It must also be considered that, although efforts have been made to highlight the different emission profiles of different waste- and climatic-zones, high levels of uncertainties remain due to the long-term emission potential of landfills. The 100-year time horizon chosen for the study assumes that all easily released substances are emitted throughout the period (Gentil et al., 2010). However, as previously mentioned, leachate emissions occur over a longer time horizon and the leachability of substances depends on physic- and chemical properties of the site (Doka & Hischier, 2005; Hellweg & Frischknecht, 2004; Henriksen et al., 2018; Hjelmar et al., 2000; Kjeldsen et al., 2002; Laner, 2009, 2011; Turner et al., 2017). However, these time-related considerations have here not been taken into account, leading to possible under- or over-estimations of emissions (Collinge et al., 2013; Laurent et al., 2014b; Levasseur et al., 2010; Pinsonnault et al., 2014). 
A further limitation of the study is the focus on sanitary MSW landfills. In other studies, different landfill types have been discussed and compared to assess the variation of potential impacts as a function of other factors (Henriksen et al., 2018; Manfredi et al., 2009a; Turner et al., 2017). Referring to previous studies, bioreactor-, flushing bioreactor-, or semi aerobic landfills could achieve further reduction in environmental impacts. However, the impacts of these landfills also depend on technological and geographical factors as discussed in (Henriksen et al., 2018)
Despite the mentioned limitations, the study allows to have a wide overview of the range of impacts of MSW sanitary landfills in Europe. The study serves for a general estimation of the environmental performance of landfills while still considering the site-specificity of their impacts. Landfill stakeholders could, based on site-specific data such as waste composition (), climatic conditions and landfill management, relate their specific case to the reference cases and scenarios for a first assessment of the results. Moreover, the study confirms the need to reach the landfill targets described in the directives. In fact, as was clear from the results, a decrease in the amount of biodegradable fraction in the disposed waste could limit the landfill impacts related to higher leachate production rates (higher precipitations and leachate collection efficiencies), and less advanced landfill management solutions. The results further emphasized the environmental benefits of advanced LFG treatment technologies, in line with the directive 1999/31/EC. 
5. Conclusions 
According to Henriksen et al. (2018) and Laurent et al. (2014c), decision- and policy- makers in the field of solid waste management (SWM) should rely on LCA studies with high context specificity to obtain relevant results. Laurent et al. (2014c) also emphasized how generalised models should be used with caution. This study aimed at providing a broad overview of the impact of average MSW sanitary landfills in Europe while still considering site-specific factors to increase the context specificity and the relevance of the results. To overcome the lack of direct landfill data, the study used multiple scenario analysis to assess the impacts of disposal sites under varying conditions to reflect the conditions in the EU Member States. 48 scenarios were built on the basis of 4 average European waste compositions, 3 leachate production rates per case and 4 LFG treatment technologies. The multiple scenario assessment and sensitivity analysis allowed to include context specificity while addressing average European conditions based on literature and statistical data. 
The study provided a range of results for all impact categories based on the variation of technological and geographical factors. The ranges of results for all impact categories represent the high variability of landfill performance in the European context. Scenarios with lower  values, representing lower amounts of biodegradable fractions in waste, showed lower impacts also in case of varying climatic conditions. The results obtained support the currently implemented ban of biodegradable waste from MSW landfill to decrease the environmental impacts. The study also confirmed the importance of LFG technologies and their efficiencies, mostly when treating MSW with high methane generation potential. This outcome is in line with the landfill directive 1999/31/EC. 
While modelling choices and data quality are important limitations of the study, the results are in line with the expected outcome and with the literature the study referred to. Indeed, the results still carry several degrees of uncertainty due to the limitations in the LCA framework and due to the simplifications and assumptions made. Nevertheless, the ranges of values could serve landfill stakeholders to support implemented waste policies and targets, as the results represent potential impacts of waste disposal in different EU Member States. 
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