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Introduction

The environmental impacts of municipal solid waste (MSW) landfills have been
addressed in comparison with other waste management strategies, in relation to the
variation of site-specific and time-dependent parameters, and in the framework of
landfill mining.'™*3 Environmental and economic assessments have been performed
to determine the profitability of Landfill Mining (LFM) and, more recently, on
Enhanced Landfill Mining (ELFM).*=2° The environmental assessment of landfill
mining and the benefits of resource recovery compared to remediation are an
important incentive for policy implementation in the different countries.?! Therefore,
it is of great importance to develop a methodology for the environmental impact
assessment which takes into account all site-specific and time-dependent parameters
that affect the environmental performance of landfills. The more comprehensive
methodology could allow to better assess the impacts of landfills as final disposal
solutions and their environmental potential for Enhanced Landfill Mining.

As landfills represent complex and highly heterogeneous systems, the analysis of
theirimpacts cannot be carried out as for other waste management solutions. In fact,
landfill impacts occur over a much more extended period, thousands of years, and at
different rates.?>23 The emission potential of landfills depends on the degradation of
waste and on the chemical, biological and physical processes that occur in the
landfill.>91924.25 These processes depend on time-related variations in the landfill and
in the environment, and on site-specific characteristics. Soil conditions, hydrological,
geological, climatic conditions, landfill management strategies, landfill design, waste
composition and age of the waste: they all affect the short- and long-term emission
potential and the actual release of contaminants.®%222>-28 Therefore, the reliability
of the results significantly depends on the system boundaries, time frame and data
quality and availability.?> When assessing the environmental impacts of different
landfills it is therefore important to consider aspects such as time-dependency, site
related parameters and multi-input processes. Landfill sites cannot be considered as
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black boxes. The mechanisms underlying the emission potential need to be addressed
to estimate the impact of landfills on a longer time horizon. Time-related emission
profiles from landfills could lead to more accurate and consistent estimations of the
long-term impacts of disposal sites. In this framework, this paper will address the
evaluation of long-term emissions of closed landfills by analysing the literature
related to landfill gas (LFG) and landfill leachate emissions. In particular, the paper
will address the remaining available content of substances within the landfill body
and the mobilising substance potential linked to leachate generation.

Waste composition and time-dependency in the
environmental impact assessment of landfills

Waste composition

Waste composition is an important factor influencing the rate of generation of
leachate and landfill gas, but also the valorisation potential for materials and energy
in the framework of Enhanced Landfill Mining (ELFM).?® The different waste
compositions depend on the landfill location, due to local regulations on waste
management, but also on the time period when the waste was landfilled, and on the
type of waste landfilled in the site.?® The importance of a qualitative and quantitative
evaluation of the landfilled waste in terms of composition and properties has been
highlighted in several studies.?933

An important factor to consider when defining the waste composition in landfills is
the degradation rate of waste over time. For waste fractions such as metals, plastics,
glass, ceramics, textiles, inert fractions, etc., which are less-easily degradable and
undergo slower changes over time, the amounts in the excavated waste are usually
comparable with the amounts originally landfilled.?® On the other hand, organic
fractions degrade more easily into a soil-like material.?® Indeed, landfilled waste
undergoes different biological, chemical and physical transformation processes over
time that result in different impacts and conditions, even within a landfill, depending
on the location and waste characteristics. Waste age and composition, together with
weather conditions and landfill design and management, affect the outcome of waste
recovery strategies.3*

Additionally, both waste composition and the related biodegradation potential have
asignificant influence on the environmental impacts of landfills and on the estimation
of the ELFM potential from an environmental perspective. Different fractions
determine different impacts to either water, air or soil.?? Several studies have
reported how the organic content highly affects the final results,**° as waste with
lower organic content can lead to lower environmental impacts.* Previous literature
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has highlighted that large amounts of pollutants, as heavy metals, ammonium,
chemical oxygen demand (COD), are still available in closed landfills and can pose a
threat to human health and the environment if released. The availability of these
substances depends on the waste type and age. It has been shown that the
concentrations of elements such as As, Cd, Cr, Cu, Ni, Zn, Pb, Hg increase with
increasing storage time due to the different composition of landfilled MSW over the
years.?® Indeed, the presence of these elements in landfill bodies could be
responsible, in the future, for significant emission potentials. In this context good
data quality is important in order not to neglect impacts in different impact
categories. Consistent methodological choices should then be made not to
underestimate future emission potentials.

Time dependency

As mentioned, degradation of waste, landfill waste characteristics and long-term
emission potentials of available substances are affected by time. On the other hand,
time is also a challenging parameter in the environmental impact assessment of
landfills. In fact, landfill gas and leachate production varies in time, the technologies
used in the landfill have a limited lifespan and/or can deteriorate. However, in life
cycle assessment (LCA), impacts are aggregated over time. Therefore, the effect of
emissions on the environment, soil, air and water, are considered to be identical,
regardless of whether emitted in one second or over a century.3® This lack of site- and
time-dependent information in the life cycle assessment (LCA) of landfill sites is a
significant source of uncertainties and could lead to misinterpretation,
underestimation or overestimation of the impacts.!?437-4 Moreover, not every
landfill-related impact or process can be foreseen if the long term horizon is taken
into account (10%*-10° years).>® These considerations lead to the necessity of
interpreting the results as a function of time3° and to identify the most adequate time
period to comprehensively assess the environmental impacts of landfills. This issue
has been addressed in many studies where temporal emission profiles have been
included in the life cycle inventory (LCI) stage of the LCA.*™* Moreover, there is on-
going research to try to include time- and site-dependent variations in the definition
of characterisation factors also for the toxicological categories.*>—° As a first step, the
importance of time-related emission profiles from landfills could lead to more
accurate and consistent results. In this framework, this paper will address the
evaluation of long-term emissions of closed landfills by analysing the literature
related to landfill gas (LFG) and landfill leachate emissions.
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Long-term emissions from landfills

Landfill gas generation potential

Most studies aiming to assess the potential of ELFM compared to the reference
landfill scenario take into account the waste composition and in particular the landfill
gas potential to define the environmental impacts of the reference scenario.’
However, LFG emission profiles decrease substantially after the methanogenic phase,
the fourth identified stage of the LFG generation curve, reaching negligible values in
a few decades.! When considering long-term impact, LFG does not represent the
major concern for landfills. Therefore, considering landfill impacts as only dependent
on LFG and on the amount of organic carbon would tend to underestimate the
impacts of landfills. Nevertheless, in light of the need to define time-dependent
emission profiles for more consistent impact assessments, different models can be
adopted for the estimation of landfill gas (LFG) generation. The assessment of landfill
gas production is usually carried out by adopting the first order decay model
(FOD).3>°152 The FOD model relies on the amount of biodegradable organic content
in the waste, as this is the main factor affecting the LFG generation potential.”? One
of the inputs to the model is the methane generation potential, Lo[m® CHs/tonne
waste], which is usually calculated based on the DOC present in the waste.>? This
highlights the dependency of LFG generation on the amount of degradable organic
fraction and thus the dependency of landfill impacts on the waste composition.*3>

Landfill leachate

On the other hand, leachate generation and composition is a long-term and more
concerning issue. The quantity of leachate production within a landfill depends on
the water balances at the site, the moisture content of waste and the water flow
within the landfill body.'*?> Consequently, the amount of leachate produced is also
dependent on the efficiency and the type of the top cover and on the climatic
conditions of the location.! The quality of the leachate is then highly dependent on
site-specific factors such as waste composition, chemical, physical and biological
processes that occur within the landfill body, the water flow distribution, or different
landfill design and management systems.1%:24.2847,53-56 Ag 3 general trend, decreased
concentrations of leachate constituents can be observed with landfill age!l.
According to Laner,'! organic leachate pollutants usually decrease around an order
of magnitude in 20 years after closure. Similar trends can be observed for other
pollutants such as iron, chloride and ammonium. On the other hand, xenobiotic
organic compounds may persist for longer time frames. MSW is also characterised by
amounts of heavy metals, which are usually found in low concentrations in leachate
due to their low solubility. However, metal solubility and thus bioavailability in
leachate, is influenced by site-specific conditions such as pH, redox potential, L/S
ratio, heterogeneous water flow, etc.112425275457 Therefore, the concentrations of
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heavy metals in leachate could vary between landfills or according to the landfill
phase, or depending on the occurrence of events that could lead to the alteration of
these mentioned parameters. An example could be the failure or gradual
deterioration of the containment system. In fact, together with the pH and the
amount of oxygen present, the liquid to solid ratio (L/S) within the landfill body highly
affects the mobilisation of substances. The failure of the top cover, for example, could
result in an increase of the L/S ratio, the infiltration of oxygen, and a variation of the
pH within the landfill. Such an event could lead to the flushing of substances to the
environment. Generally, the quantity of leachate is meant to decrease with the
installation of top covers, with a consequent reduction in the total substance loads,
meaning the amount of substance contained in the leachate over the year.!!
However, that does not mean that the available amount of substance remaining in
the landfill decreases too. On the contrary, the installation of the top cover with a
decrease in leachate generation could lead to substantial substance potential
remaining in the landfill body. Therefore, the important aspect for the estimation of
future emission potential is the understanding of the actual fractions that can be
mobilised of the total amount of substances present. These and the related long-term
emission potential of landfills can be estimated with different models. Geochemical
modelling is gaining relevance for the modelling of long-term emissions due to the
possibility of including different parameters in the scenario analysis.?>’ Another
model was developed by Belevi and Baccini in 1989 and reported by Laner.!! The
model follows first order kinetics and is based on the assumptions of a constant
release mechanisms, homogeneous water flow, and a negligible biodegradation
process after the reactor phase. Of course, these assumptions lead to increased
uncertainties on the actual behaviour of leachate and its pollutants. Nevertheless,
the model gives an estimate of the emission potential for certain substances that
could remain in the landfill body in significant quantities for a long term.

Discussion and conclusions

The review was carried out to stress the importance of considering long term
emissions of landfills and the necessity of understanding the mechanisms underlying
them. A deeper analysis is crucial for the environmental impact assessment of
landfills as final disposal sites and as reference scenario for the comparison with
ELFM. In fact, based on the above considerations, the assessment of landfill impacts
on a long time frame could lead to building a more consistent reference scenario for
the evaluation of the environmental profitability of ELFM. The consideration of site-
and time-dependent parameters is then important for both the resource recovery
potential and for the environmental impacts of the landfill site. It is therefore crucial
to validate all models with site-specific data, as site-specific conditions could
significantly alter the results and lead to different conclusions.
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The models mentioned for the estimation of long-term emission potentials have
limitations due to the assumptions made and can lead to the overestimation of the
generation trends of, for example, LFG.1**8 However, based on the review and on the
results of other studies reported by Laner,'! the analysis of the stored available
substances would lead to a better estimation of the long term emission potential of
landfills. Different scenarios could then be built to account for the variation in
environmental conditions in the long time frame. The L/S ratio would be the major
parameter to consider, as unforeseen events could lead to the variation of this
parameter. Different models can then be adopted, with the inclusion of more
parameters for a more realistic inventory. The obtained time-dependent emission
profiles could then be integrated in LCA to model the impacts of landfills on a long
term perspective and as a function of time.
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