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Abstract
The aim of the paper is to introduce an approach for evaluating integrated remediation and
landfill mining scenarios. Since completed projects with similar scope and goals mostly have
been pilot studies or projects with little emphasis on resource extraction, there is very little
real case data to access. Thus, scenarios for three different routes have been established:
Remediation only; Remediation combined with resource extraction using a mobile separation
plant; and finally Remediation combined with resource extraction using a large stationary
separation plant. Furthermore, the approach uses Monte Carlo simulations to address the
uncertainties attached to each of the different steps of the scenarios, such as separation
efficiencies, transport distances and recycling benefits. The approach can be used to assess
the probability of results for the different scenarios, as well to study the influences of major
parameters. In the future, the approach will be broadened to include economic parameters,
and a large effort will be put on validating and analyzing the model parameters and
assumptions. For instance, there is a need to study the dependency between different
parameters to see if they are positively correlated; otherwise, the uncertainty could be
overestimated. Furthermore, scenario uncertainties need to be added and studied.
Keywords
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1. Introduction
In Sweden, there are more than 4,000 landfills, and these waste deposits are related to
several environmental implications. Degradation of organic waste in the landfills generates
long-term methane emissions, which in fact is the largest source of climate gas emissions
from the waste sector. Over the years, hazardous materials and substances have also
Knowledge Collaboration & Learning for Sustainable Innovation
ERSCP-EMSU conference, Delft, The Netherlands, October 25-29, 2010
1

accumulated in the deposits, exhibiting pollution concerns due to leaching processes. Since
most Swedish landfills are old and therefore lack pollution prevention technologies, there is
an ever ongoing debate about the need for remediation. The landfills are, however, also
related to resource issues, since they contain huge amounts, i.e. several hundred million
tonnes, of discarded materials (Lifset et al., 2002; Kapur and Graedel, 2006; Müller et al.,
2006). Such material stocks are indeed available for collection and recovery. Although the
amount of recyclable resources may vary among the landfills, a significant share often
constitutes recyclable materials (e.g. metals, plastic and construction materials) and
combustibles that can be used for energy recovery (cf. Lifset et al., 2002; Zhao et al., 2007).
Landfill mining means the excavation, processing, treatment and/or recycling of materials
that over the years have been dumped in waste deposits. Throughout the world, more than
fifty such projects have been performed, mainly in the USA but also in Europe and Asia (cf
Krook et al, 2010). For the absolute majority of these projects, the initiative has come from
authorities aiming to solve a specific problem for a region such as conservation of landfill
space or remediation preventing pollution of land, air and water (Dickinson, 1995; Hogland et
al., 1995; Cossu et al., 1996; Reeves and Murray, 1996; 1997; Hylands, 1998). There are,
however, also projects that instead have emphasized resource recovery from landfills,
although this is much more uncommon (Rettenberger, 1995; Obermeier et al., 1997; Hino et
al., 1998). Even more uncommon are projects that apply an integrated approach, aiming to
solve local space and/or pollution problems, and at the same time obtaining a more efficient
use of material and energy resources on the regional and global scales.

In the past, landfill mining has seldom involved any real attempt to obtain efficient recovery
of deposited resources. As a consequence, resource implications of such initiatives have
been disregarded. Instead, emphasis has been on local risks during excavation, such as the
leaching of hazardous substances or formation of explosive gases (e.g. Krogmann and Qu,
1997; Hogland, 2002; Zhao et al., 2007). Although this has been a necessary approach, it is
also insufficient because environmental impacts could arise on different spatial and temporal
scales (cf. Udo de Haes et al., 2000; Finnveden and Moberg, 2005). Since most of the
studies have focused on the movement of hazardous substances, there is a knowledge gap
regarding how these kinds of projects may affect the environment when it comes to other
types of impacts, such as for instance climate change or acidification.

Resource recovery from landfills displays environmental potential in terms of, for example,
mitigation of global warming and recovery of scarce materials. The realization of this
The 14th European Roundtable on Sustainable Production and Consumption (ERSCP)
The 6th Environmental Management for Sustainable Universities (EMSU)
2

potential, however, relies on several factors, such as the capacity of waste separation
technologies and the resource demand for excavation, processing, transportation and
recycling processes. Previous research has shown that landfills also contain large amounts
of valuable materials such as metals, which in turn constitute an important driving force for
resource recovery (Krook et al, 2010). In contrast, remediation projects always come with
huge societal costs, and the available funding in Sweden is largely insufficient (SEPA, 2002;
SEPA, 2003). Applying an integrated approach where landfill mining is used for both
profitable resource recovery and remediation could, therefore, offer a more viable and
efficient strategy than conducting sole remediation projects alone.
1.1 Aim
The aim of this paper is to introduce an approach for handling the environmental
assessment of an integration of remediation and resource extraction through landfill mining.
We will describe the approach and give examples of its uses. It is important to note that the
results shown in this paper should be seen as an indicator of how the approach can be used,
but do not, at this stage, illustrate the environmental pressures of the different scenarios.
2 Method
Implementation of remediation combined with landfill mining can be done in many different
ways. There is also limited access to detailed data for extraction and separation of valuable
materials from landfills (Krook et al., 2010). This introduces two different kinds of
uncertainties, what Huijbregts et al. (2003) define as “scenario uncertainties” and “parameter
uncertainties”. According to these authors, scenario uncertainty is comprised of all the
different uncertainties which are introduced with the different assumptions and choices made
in order to build the different scenarios, and parameter uncertainties are related to how
individual parameters can vary. In order to deal with these characteristics, we have chosen
to use an approach where we set up scenarios which provide different routes of
implementation and to use Monte Carlo simulations to analyze how uncertainties influence
the results.

The scenarios which will be studied are:
•

Remediation only

•

Remediation combined with resource extraction using a mobile separation plant

•

Remediation combined with resource extraction using a large stationary separation
plant
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The basic outline of the assessment approach is shown in Figure 1. The approach starts by
setting the size and assumed material composition for the studied landfill. Each choice of
scenario has a corresponding set of processes along with separation efficiencies and
resource use factors; these were used to calculate material flows. Every parameter in the
approach is accompanied by uncertainties or possibilities for variation. The material flows
are then used, together with emissions factors, to estimate the environmental pressure of the
scenarios for a certain set of randomized parameters. The randomization and results use the
Monte Carlo Simulation technique.
Monte Carlo Simulation
Landfill
size

Landfill material
composition

Choice of
scenarios

Processes and
material flows

Emission
factors

Environmental
pressure

Figure 1. Conceptual drawing of the approach

2.1 Composition of landfills
Reviews of several previous landfill mining cases were conducted with the purpose of
gathering information regarding the composition of these landfills. This process resulted in
data from a total of 22 cases from different parts of the world.
The different materials that were found in the cases were aggregated into ten material
categories: Soil; Paper; Plastic; Wood; Textiles/Rubber/Leather; Inert Materials; Organic
Waste; Ferrous Metals; Non-Ferrous Metals and Hazardous. For each category, the mean
value and standard deviation was calculated and normalized (i.e. make the sum of the mean
values add up to 100%); the result is shown in Table 1 below. The mean values for ferrous
and non-ferrous metals are based on the fact that the accumulated consumption of metals in
Sweden over time is 80 percent ferrous and 20 percent non-ferrous, so the mean values for
these two material types was calculated proportionally (SEPA, 1996).
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Table 1. Material composition of landfills based on 22 studies
Material type

Mean value

Soil

Std. dev.

Studies (n) a

54,7 %

27 %

17

Paper

6,8 %

88 %

12

Plastic

8,3 %

80 %

17

Wood

6,8 %

64 %

14

Textiles/rubber/leather

6,6 %

106 %

11

Inert materials

10,6 %

96 %

17

Organic waste

2,7 %

73 %

4

Ferrous metals

2,9 %

106 %

14

Non-ferrous metals

0,5 %

106 %

4

Hazardous

0,1 %

77 %

17

a

Cha et al. (1997); Cossu et al. (1995); Hogland et al. (1995); Hogland et al. (2004); Hull et al. (2005);
Krogmann & Qu (1997); Kurian et al. (2003); Mor et al. (2006); Prechthai et al. (2008); Rettenberger
(1995); Richard et al. (1996); Stessel & Murphy (1991); Sormunen et al. (2008); Zhao et al. (2007)

2.2 Scenarios, processes and material flows
To develop the scenarios, a panel consisting of experts on separation processes and related
material flows was consulted. The task for the expert panel was to establish, together with
the researchers, what kind of separation processes should be included in the respective
scenarios, and to estimate the separation effectiveness for each of these processes. Each
process’ energy use also needed to be calculated, which was done in part by the expert
panel and in part by the researchers using data from a LCA database. All of these
parameters were given uncertainty distributions in the model. These uncertainty distributions
were set to rectangular, triangular or log-normal distributions, depending on the type of
parameter and its characteristics. Each scenario is explained in greater detail below.
2.2.1 Remediation only (RO)
In this scenario there are only two processes: first the landfill material is excavated, and next
the material is redeposited along with the remediation. The resource use for these processes
was calculated in the manner explained in the previous section.
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2.2.2 Mobile plant (MP)
For the mobile plant scenario, the emphasis was on simplicity; the plant should be
transportable and collect a good part of the materials and with minimal time and set up
requirements. This approach lead to a mobile plant consisting of four processes: Star Screen;
Air Classifier; Magnet; and an Eddy Current Separator (ECS) (see Figure 2 below). The
material is excavated and dumped over a coarse screen which separates some of the
hazardous and residue material. The rest of the material enters the Star Screen, which
produces the Fines and Hazardous fraction. The Air Classifier separates the Combustible
fraction and the Magnet, while the ECS separates the Ferrous and the Non-ferrous fractions,
respectively. The Ferrous and the Non-ferrous fractions produced by the mobile plant are not
clean enough to use for recycling; hence, prior to recycling the fractions must go through
additional processes at a stationary plant. These intermediate fractions are noted as NonProcessed Ferrous (NP-Ferrous) and Non-Processed Non-Ferrous (NP-NF) in Figure 2. NPFerrous goes through a fragmentation unit to produce a clean Ferrous fraction which is
ready to use in recycling. NP-NF is cleaned up by going through a NF-facility. The residue
produced in the refinement process of NP-Ferrous and NP-NF are transported back to the
landfill and redeposited along with the other Fines, Hazardous and Residue fractions.

Figure 2. Process model over the mobile plant scenario
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2.2.3 Stationary plant (SP)
The plan behind the stationary plant was to make use of state-of-the-art technologies, with
the emphasis on collecting the most amount of material possible for recycling. The expert
panel designed the scenario as shown in Figure 3 below. At the landfill, the material is
excavated and dumped through a coarse screen into a Star Screen, which is placed at the
landfill to reduce the transportation of soil from the stationary plant back to the landfill. The
processes mentioned above separate hazardous and residue material and a large amount of
soil (Fines fraction). The material is then transported to the stationary plant where it enters
the NF-Facility, which produces four fractions: Construction Material; Combustibles; NonFerrous (NF) and Plastics. The remaining material, which is noted as Non-Processed
Ferrous (NP-Ferrous) in Figure 3 below, enters the Fragmentation unit where a clean
Ferrous fraction is produced. Four of these five final fractions are transported to different
recycling plants, whereas Combustibles are transported to an incineration plant. The
stationary plant also produces Hazardous, Fines and Residue which are all transported back
to the landfill for redepositing.

Figure 3. Process model over the stationary plant scenario
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2.3 Emissions factors and Environmental Assessment
The environmental assessment is based on a life cycle approach, and the environmental
pressures are presented using a range of impact categories shown in Table 2 below; the
results presented in this paper, however, will only include global warming potential.
Toxicological effects are not included in the life cycle approach, although they might be
included at a later stage. The useful materials which are separated out are modeled to be
either incinerated or recycled. These processes are assumed to lead to decreased
environmental pressures through an avoided burden approach (cf Guineé, 2002). The
concept of avoided burdens can be described as the environmental impacts associated with
for instance the virgin materials which are avoided when substituted by the introduction of
new recyclable materials. If these avoided impacts outweigh the impacts of the recycling
process, we get avoided burdens.

In order to calculate the environmental pressures for the different scenarios, we have used
emission factors derived from the Ecoinvent databases (Frischknecht & Rebitzer, 2005).
Each emission factor is accompanied with a standard deviation. The emissions from
incineration and recycling processes are calculated through the variation of energy system
for these processes. The energy system is allowed to vary between a coal-based system
and a system based on renewable energy sources. To be able to calculate the incineration
impacts, the moisture content of the combustibles was set to 30 weight percent (based on
Cossu et al., 1995; Hogland et al., 1995; Obermeier et al., 1997; Nimmermark et al., 1998;
Hogland et al., 2004). Furthermore, it was assumed that these materials would be
incinerated in a combined heat and power plant, with a ratio between produced heat and
electricity of 9:1 (The Swedish Waste Association, 2007). Ranges for gross calorific values
for each material were then used to estimate the total amount of electricity and heat that
could be generated from the combustible materials in the landfills. Climate gas emissions
from incineration of the combustibles were calculated based on data from Ecoinvent, but
adjusted to apply to the landfilled materials’ slightly higher moisture content (cf. Doka, 2007).
At this stage, the approach is modeling that biogenic carbon dioxides are not included in the
emissions, although this assumption will be tested in a later version of the approach.
Methane from redepositing of organic matter is calculated by attaining carbon content and
material composition rates from the Ecoinvent database on landfills (ibid). The amount of
methane recovery was allowed to vary between zero and one hundred percent, with the
distribution having a bias towards the latter.
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Table 2. Impact categories used in the environmental assessment
Impact category

Unit

Global Warming

Tonne CO2-eq

Ozone layer depletion

Tonne CFC11-eq

Photochemical oxidation

Tonne C2H4

Acidification

Tonne SO2-eq

Euthropication

Tonne PO43-

2.4 Monte Carlo simulation
Monte Carlo simulation is useful for sensitivity analysis of a system consisting of a large
number of variables where every variable has its own distribution of values. The simulation
works by generating numerous randomized result samples. These samples are then
aggregated into a probability curve which can be graphically presented and analyzed.
Since the model used in this study consists of numerous variables with variations and
uncertainties, simulation using the Monte Carlo method was deemed appropriate. For a
more in-depth description of the Monte Carlo method, see for example Metropolis and Ulam
(1949) or Kalos and Whitlock (2008).
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3 Results
This chapter shows the results from the Monte Carlo simulation and includes the following
charts: cumulative distribution of the result of each scenario, cumulative distribution of the
difference between the results of each scenario and finally cumulative distribution of the
variables that have the largest impact on the results.

The results are preliminary and should only be used as indicators of what can be
accomplished with the method used in this study. As mentioned above, the results are
presented in the form of a chart with a cumulative distribution over the net CO2-equivalent
emissions. The charts show the maximum, minimum and average amount of emissions of
that particular scenario/variable, as well as the probability for a positive environmental effect
(i.e. negative net CO2-equivalent emissions).
The results below are based on 40,000 sample runs. While working with the model, the
authors have come to realize that the model’s rate of convergence is quite fast, despite 231
different variables where many of them are independent. The figures in this chapter acquire
largely the same form after only a few hundred runs.
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3.1 Results – Scenarios
This section shows the results for each scenario as well as the differences between the
three scenarios. These results (which only act as examples) can be used as a guideline for
deciding which scenario has the most positive environmental effect, and how the scenarios
relate to one another in this aspect.

Figure 4 below contains the cumulative distribution of the net CO2-equivalent emissions for
each scenario. Figure 4 shows that scenario SP has the best potential of the three followed
by scenario MP. Scenario SP has a mean value of around -25 Mton CO2-equivalent and
more than an 85 percent probability for negative net CO2-equivalent emissions. Scenario MP
shows negative net CO2-equivalent emissions 60 percent of the time and a mean value of
slightly below zero Mton CO2-equivalent. Figure 4 also shows that scenario SP has a flatter
curve, i.e. a wider range of outcomes, than scenario MP. Scenario RO has a mean value of
+20 Mton CO2-equivalent and no chance of negative net CO2-equivalent emissions (as
expected).
Cumulative distribution

100%

Remediation only

80%

Mobile plant
Stationary plant

60%
40%
20%
Mton CO 2-eq.

0%
-100

-80

-60

-40

-20

0

20

40

60

Figure 4. Cumulative distribution for the three scenarios’ environmental effects and their respective
mean values

Figure 5 below shows the differences between the three scenarios’ cumulative distribution.
The figure shows that between using a stationary plant for resource recovery and using only
remediation, the first option shows on average -45 Mton net CO2-equivalent emissions
compared to the latter. The difference between using a mobile plant and using only
remediation is on average -20 Mton net CO2-equivalent emissions.
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Figure 5. Cumulative distribution for the differences between the three scenarios’ environmental
effects and their respective mean values

3.2 Results – Variables
This section presents the results for some of the variables that have the biggest impact on
the results for the stationary plant scenario. These results should not be taken literally, and
serve mostly as an indication of what the possibilities are with the model and the simulation.

As can be seen in Figure 6 below, the type of heat-producing energy system currently used
has a very large impact on the final result. This is due to the fact that the Combustible
fraction replaces what is currently used as fuel. If the current heat-producing energy system
is running on fossil fuel, the net gain can be as much as 100 Mton CO2-equivalent emissions.
If the heat-producing energy system runs on renewable material, the net gain is zero. The
electricity-producing energy system has less impact, with a range from -20 Mton to 0 Mton
CO2-equivalent emissions and a mean value of -7 Mton net CO2-equivalent emissions.
As the model is setup at this stage there is no correlation between the emissions from the
heat-producing energy system and the electricity-producing energy system, which might not
be realistic. This will be tested in future versions of the model.
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Figure 6. Cumulative distribution of net CO2-equivalent emissions from the heat-producing and
electricity-producing energy system and their respective mean values

A big impact factor is the emissions from incineration of the Textiles/Rubber/Leather fraction,
which is dependent on the relationship between the different types of materials in the fraction.
There is a large amount of scenario uncertainty when it comes to this fraction, since in this
material fraction we have not separated between biogenic and non-biogenic materials.
However, in reality the textile part of the fraction would probably consist of at least some
biogenic material. In the future, the impact on the results of the inclusion or exclusion of
biogenic emissions from incineration will be tested. The net CO2-equivalent emissions from
this fraction vary from zero to 60 Mton, with a mean value of around 20 Mton (see Figure 7).
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Figure 7. Cumulative distribution of net CO2-equivalent emissions from the Textiles/Rubber/Leather
fraction

Plastics is the material fraction with the biggest impact when it comes to recycling, due to the
fact that this fraction is the largest that is sent to recycling. The cumulative distribution of the
net CO2-emissions from Plastics can be seen in Figure 8 below. The emissions varies
between -16 Mton CO2 to -1 Mton CO2 and the mean value is approximately -8 Mton CO2.
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Figure 8. Cumulative distribution of the net CO2-emission when recycling the Plastics fraction

The 14th European Roundtable on Sustainable Production and Consumption (ERSCP)
The 6th Environmental Management for Sustainable Universities (EMSU)
14

4 Discussion
Studying complex systems such as an integrated remediation and landfill mining project
inherently leads to the need for simplifications and assumptions. This is also true for most
environmental assessment studies, and there are different ways to handle it. A decision that
has environmental consequences should preferably be based on holistic information. This
implies that vast amounts of data need to be collected, interpreted and prioritized. Thus,
there is a risk for what Hertwich et al. (1997) call an “analytical paralysis”, i.e. that the
collection of data for the environmental impact evaluation is outside the limits of what can be
done within the available budget or time frame. When conducting this kind of assessment, it
is necessary to do simplifications without decreasing the relevance and validity of the study.
A common way to make these assessments is to assign single values to each parameter in
a defined model. However, this has a high probability of leading to a deterministic outcome
(Loyd and Ries, 2007). Another common way to address these uncertainties is to use Monte
Carlo simulations and attach uncertainties to each parameter used in the model. In a case
such as ours this is preferable, since a large amount of uncertainties are present due to the
lack of knowledge base to draw data from (cf Krook et al, 2010). However, this technique
does not automatically study uncertainties related to assumptions and scenario modeling.
Hence, in a complex model such as this it is also necessary to assess the differences
between parameter uncertainty and scenario uncertainty. Our approach is at the moment
focusing on the parameter uncertainties, but will as it matures also be broadened to be able
to assess different kinds of scenario modeling.

Evaluating an integrated remediation and landfill mining project introduces several dilemmas.
Since the performed projects mostly have been pilot studies or projects with little emphasis
on resource extraction, there is a limited amount of case data to access (Krook et al, 2010).
However, before starting to implement projects on a larger scale, a broader study of its
environmental impacts is, if not necessary, then at least preferable.

By applying an

approach as has been presented in this paper, this assessment can be made and presented
with all the uncertainties and assumptions clearly visible. The probability figures can be used
to see how different parameters influence the result. Apart from the application areas of the
present approach, it would be good to expand to also be able to assess breaking points for
the different parameters. This could for instance be used to understand how far a larger
volume of extracted materials can be transported before the benefits of recycling is offset, or
in what type of energy systems the project needs to be located for a positive environmental
performance to occur.
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Apart from this, there is also a further need to understand the underlying institutional aspects
which will influence which routes can be taken in these projects. All of these aspects need to
be factored into the scenario uncertainties. As an example, incineration may not be a viable
option if the remediation and landfill mining project is carried out by an actor who does not
operate an incineration plant. Judging by the current practices, there is a substantial cost
attached to leaving your combustibles at an incineration plant, which could jeopardize the
entire economic feasibility of the project. Furthermore, there are discussions regarding if the
excavated materials should be regarded as new waste; this also has a substantial effect on
how the project should be modeled.
4.1 Future development of the approach
As has been stated earlier, this approach is in its initial state of development and there is
room for several improvements. The approach will be broadened to include economic
parameters, and a large effort will be put on validating and analyzing the model parameters
and assumptions. For instance, there is need to study the dependency between different
parameters to see if they are positively correlated; otherwise, the uncertainty could be
overestimated (Hong et al, 2010). This, for instance, probably occurs in an energy system
where it is likely that a highly fossil-based system for electricity is correlated to a fossil-based
system for heat. In a complex model such as this, it is also necessary to assess the
differences between parameter uncertainty and scenario uncertainty. As has been
mentioned earlier, the choice of how we have modeled biogenic carbon release will need to
be tested, as well as how some of the transportation distances have been modeled.

Furthermore, we will look into the possibilities of including hazardous substances and how
we can model their toxicological effects. This will be important since the occurrences of
these substances will be the main reason for starting up the remediation effort in the first
case. This could be done by applying a kind of substance flow analysis method and tracking
some hazardous materials through the different scenarios.
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