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ABSTRACT

As landfill mining (LFM) gains public attention, systematic assessment of its eco-
nomic potential is deemed necessary. The aim of this review is to critically analyze
the usefulness and validity of previous economic assessments of LFM. Following
the life cycle costing (LCC) framework, (i) the employed methods based on goal and
scope, technical parameters and data inventory, and modelling choices were con-
trasted with respect to (i) the synthesized main findings based on net profitability
and economic performance drivers. Results showed that the selected studies (n=15)
are mostly case study-specific and concluded that LFM has a weak economic poten-
tial, hinting at the importance of favorable market and regulation settings. However,
several method issues are apparent as costs and revenues are accounted at dif-
ferent levels of aggregation, scope and scale—from process to sub-process level,
from private to societal economics, and from laboratory to pilot-scale, respectively.
Moreover, despite the inherent large uncertainties, more than half of the studies did
not perform any uncertainty or sensitivity analyses posing validity issues. Conse-
quently, this also limits the usefulness of results as individual case studies and as a
collective, towards a generic understanding of LFM economics. Irrespective of case
study-specific or generic aims, this review recommends that future assessments
should be learning-oriented. That is, uncovering granular information about what
builds up the net profitability of LFM, to be able to systematically determine promis-

1. INTRODUCTION

The shift from a linear to a circular economy has in-
fluenced the perception of landfills as final waste depo-
sits. Apart from minimizing waste flows through circular
design, production, and use (Ellen MacArthur Foundation,
2013), keeping resources in the loop also extends through
considering landfills as anthropogenic stocks (Cossu and
Williams, 2015; Johansson et al., 2012; Jones et al., 2013;
Krook and Baas, 2013). The potential of extracting these
previously deposited resources is increasingly gaining pu-
blic attention (Financial Times, 2018; World Economic Fo-
rum, 2017) and is commonly referred to as landfill mining
(LFM).

Although LFM has been in practice for nearly 70 years,
the motivation for performing it has changed over time (Ho-
gland et al.,, 2010). As a concept, it has gradually progres-
sed from an initial focus on local landfill management is-
sues and pollution risks, to an increasing emphasis also on
the recovery of deposited materials and energy resources

ing paths for the development of cost-efficient projects.

(Krook et al., 2012). The most recent concept of LFM even
targets a zero-waste approach by including innovative re-
source recovery technologies, as well as extending the typi-
cal process chain (i.e. excavation, separation, and thermal
treatment) with more downstream residue valorization pro-
cesses (Danthurebandara et al., 2015a; Hernandez Parrodi
et al., 2018; Jones et al., 2013). Furthermore, the motiva-
tion for such projects has been suggested to go beyond
traditional economic and environmental impacts by also
considering revitalization of ecosystem services (e.g. land-
use services) and broader sustainability perspectives (Bur-
lakovs et al., 2017). Although these changes in the LFM
concept try to capture a wider societal potential, there is
also an inevitable increase in complexity when it comes to
both its realization and sustainability consequences.

At present, however, the recovery of materials and ener-
gy resources from landfills remains at the niche level or at
a laboratory to pilot scale level (Johansson et al., 2012).
This gives a hint on the compelling challenges for realizing
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such projects. Beyond the technological challenges, the
implementation of LFM is also subject to the complex web
of political, organizational, environmental, and economic
considerations (Hermann et al., 2016; Johansson et al.,
2017; Krook et al., 2015; Van Der Zee et al., 2004), which
is common to emerging concepts (Hekkert et al., 2007). In
Europe, although LFM failed to be integrated into the recent
amendment of the EU Landfill Directive (1999/31/EC), its
implementation is neither prohibited (European Parliament,
2018). In fact, several LFM research projects are being fun-
ded (European ELFM Consortium, 2019), especially in the
view of landfills as secondary sources for critical metals
(Lgvik et al., 2018). Moreover, going beyond research and
envisioning a full-scale and widespread LFM implementa-
tion, development of sustainable projects should be assu-
red to attract the support of various stakeholders (Hermann
et al., 2014; Krook et al., 2018a; Van Der Zee et al., 2004).

To enable structured assessments of various systems
(e.g. products, services, projects and policies), different sy-
stems analysis tools (Ahlroth et al., 2011; Finnveden and
Moberg, 2005) have been widely used addressing separa-
ted or integrated sustainability aspects (Guinée, 2016; Hei-
jungs et al., 2013). These assessments can serve multiple
purposes (Finnveden and Moberg, 2005; ISO, 2006a; Swarr
et al, 2011). A common objective of such studies is to
obtain an accurate result on the net performance of certain
systems to support decisions on capital investments or
for marketing reasons. In contrast to such decision-orien-
ted purposes, systems analysis tools can also be used to
obtain a more in-depth understanding of what builds up the
net performance of the system in question. Such learning-
oriented purposes are often used to identify strategies and
measures to further improve the performance of various
systems through optimization and design development.
These are particularly useful in guiding the development of
emerging concepts through early assessments, or so-cal-
led ex-ante assessments (Cucurachi et al., 2018; Fleischer
et al., 2005; Wender et al., 2014).

Although most decisions related to real-life projects
rely on the economic potential (Martinez-Sanchez et al.,
2015), studies accounting for environmental impacts are
more common within the field of waste management (Lau-
rent et al., 20144, 2014b). When it comes to LFM, however,
several economic assessments were done in recent years
(Krook et al., 2018b). However, there is not yet any systema-
tic synthesis of their main findings regarding the feasibility
and challenges for the implementation of such projects.
In addition, acknowledging that LFM is still an emerging
concept with large practical knowledge deficits (e.g. lack
of actual data, setting of best estimates, and upscaling),
inherent large assessment uncertainties are expected and
have to be properly addressed as pointed out in ex-ante as-
sessments (Clavreul et al., 2012; Hellweg and Mila i Canals,
2014; Martinez-Sanchez et al., 2015). Thus, a methodolo-
gical review of what uncertainties were accounted for and
how they were subsequently handled is deemed necessary
to reveal the quality of the main findings.

This review aims to critically analyze previous economic
assessments of LFM in terms of the usefulness and validi-
ty of their provided results. In doing so, individual objecti-

ves and employed methods are considered as well as their
collective contribution towards a generic understanding of
the economic potential of LFM. Here, usefulness therefore
both corresponds to the fulfilment of the intended objective
of the assessment and the type of knowledge of relevance
for LFM implementation that is addressed. The validity re-
fers to whether the expected methodological rigor was fol-
lowed according to certain standards (Swarr et al., 2011).
Apart from that, different objectives of economic asses-
sments require different methodological approaches, as-
suring validity also qualifies the real usefulness of provided
results. That is, the results may have perceived usefulness
as presented in the studies, but the corresponding validi-
ty may indicate otherwise, revealing their real usefulness.
The specific research aims are (i) to review the methods in
terms of goal and scope definition, key technical parame-
ters and data inventory, and key modelling choices, and (ii)
to synthesize main findings in terms of net performance
and economic performance drivers. In the end, this review
reflects on the key methodological shortcomings and pro-
vides a recommendation to improve the usefulness and
validity of future economic assessments to support further
LFM development and implementation.

2. METHODOLOGY
2.1 Search and selection of studies

The identification of studies dealing with the economic
assessment of LFM was performed through a literature
search using multidisciplinary science databases such as
Scopus (1960-present) and Web of Science (1975-present)
with restriction in publication date until 2017. To be able to
account for all possible synonymous terms, the following
search strings were used (i) for economic assessment:
(economic* OR financial OR cost* OR benefit* OR expen-
se*) AND (assessment OR analysis OR feasibility OR eva-
luation OR impact*); and (ii) for LFM: “landfill mining”. It
should be noted that this search may not be exhaustive of
all LFM studies as there is also proprietary grey literature
by private companies and consultancy firms. In addition, it
was assumed that possible search terms such as landfill
reclamation and landfill rehabilitation meant LFM without
special emphasis on resource recovery, which was beyond
the scope of this review.

The selection procedure had a particular focus on
studies available as full papers (e.g. journal articles, con-
ference proceedings, technical reports) with quantitative
economic assessments covering the entire LFM process
chain. It was done to acknowledge that LFM is composed
of an array of processes and technologies and to allow for
a balanced evaluation of the main findings and employed
methods among the studies. In summary, a two-step stu-
dies search and selection procedure (Pinior et al., 2017)
was used as illustrated in Figure 1.

The first step involved the search for studies in the da-
tabases (primary search) while the second step retrieved
studies from the reference lists of the previously selected
studies (secondary search). Duplicate studies from the two
databases were excluded. To narrow down the identified
studies from databases and reference lists, preliminary

126 J.L. Esguerra et al. / DETRITUS / Volume 08 - 2019 / pages 125-140



primary screening

Web of Science Scopus duplicate
n=45 1 Jj n=>59 n=>5
identified studies duplicate
n=99 n=39

primary exclusion eriteria:
not in full papern=7

n=60

Primary search (database)

text analysis

unwanted document type n=2
non-Englishn=3

secondary exclusion eriteria:
unrelated n=28

n=48

selected studies

identified studies

non-quantitative n=> I
quantitative,
not full value chain n=4

il

primary exclusion criteria:

from reference list
n=17

{reference list)

text analysis

not in full papern=2
unwanted document type n=1
non-English n=4

secondary exclusion criteria:
unrelated n=1

n=10

selected studies
n=

Secondary search

total selected studies
n=15

non-quantitative n=4
quantitative,
not full value chain n=1

Lo o o o e e e e e e mm mm e e e

1 . .

1 used as reference: non-quantitative &
1 . . .

1 quantitative, not full value chain n=14

FIGURE 1: Flow diagram describing the literature search and selection procedure and the corresponding number of studies (n) for the

review of economic assessment of landfill mining.

exclusion was done based on the content of title and ab-
stract with the following criteria: (i) unavailability in full pa-
per such as conference abstracts, (ii) unwanted document
type such as science magazines and conference reviews,
and (iii) written in non-English language. Subsequently, se-
condary exclusion was done based on the content of the
full paper with the following criteria: (iv) being unrelated,
the paper was not about LFM or did not include any eco-
nomic assessment at all; (v) being non-quantitative, these
papers were typically about economic frameworks sugge-
sting cost and benefit items; and (vi) being quantitative,
the paper did not consider the entire LFM process chain.
The studies in the latter two exclusion criteria (v-vi) were
not completely excluded but were instead used for further
exemplification and elaboration in the discussion part.

2.2 Analytical review approach

The overall analytical review method was divided into
three main parts (Figure 2). The first two parts focused on
the critical review of (i) methods and (ii) main findings. The-

se parts aided to contextualize the provided results, there-
by offering a better understanding of the study objectives
and limitations prior to the subsequent (iii) assessment of
usefulness and validity of their provided results. Categori-
es for usefulness were introduced here in terms of the four
types of questions that the studies can address. These
questions were based on two dimensions, that is the type
of analysis (case study-specific or generic) and the type of
application (decision-oriented or learning-oriented) that the
studies intend to fulfill. In the end, these categories were
also used to discuss what type of usefulness is common
in the selected studies, as well as what type is relevant to
support further LFM development and implementation.

2.2.1 Methods review

The methods review was based on several analytical
criteria (Table 1) to determine the specific goals and corre-
sponding methodological rigor of the studies. These crite-
ria were selected and modified based on the main steps of
the code of practice in life cycle costing (LCC by Swarr et
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Methods review
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Synthesis of main findings
Net profitability
Main cost and revenue items

¥

Are the provided results trustworthy?

Assessment of usefulness and validity
What type of questions regarding the economics of LFM can the different
studies address and for which specific stakeholder?

FIGURE 2: The overall analytical review approach.

al., 2011) and related reviews on systems analysis of wa-
ste management systems (Astrup et al., 2015; Laurent et
al., 2014a, 2014b; Martinez-Sanchez et al., 2015). The main
steps are goal and scope definition, technical parameters
and data inventory, and modelling choices. By going throu-
gh these main steps, the inherent uncertainties in asses-
sing the economic performance of LFM were highlighted.

Goal and scope definition were analyzed to determine
the type of analysis (case study-specific or generic) and
the type of application (decision-oriented or learning-orien-
ted) that the individual studies intended to fulfill, which
corresponds to the perceived usefulness. The type of ap-
plication refers to whether the main objective of the study
was to obtain accurate results on the economic feasibility
of LFM (decision-oriented) or if the emphasis was rather
on assessing what factors build up such performance (le-
arning-oriented), while the type of analysis instead refers
to the explored settings for LFM and thus which scenarios
were assessed in the studies. According to Laner et al.
(2016), LFM could be realized in a wide range of different
settings, and these variations can be classified at different
levels such as site level (e.g. waste composition, landfill
size, etc.), project level (e.g. technological and organizatio-
nal set-up for separation, thermal treatment, and/or further
residue valorization), and system level (e.g. surrounding
policy and market conditions). Here, these different levels
were used to categorize which scenario variations have
been explored in the economic assessments of LFM, both
for case specific and more generic studies. For a more
comprehensive description of the assessed LFM scena-
rios, the corresponding geographical, technological and
temporal scopes were also classified as well as the applied
economic perspective (i.e. conventional LCC, environmen-
tal LCC and social LCC according to Swarr et al., 2011).

To investigate the technical specificity and correspon-
ding data quality, descriptions of employed technical para-
meters and data inventories were analyzed for each LFM
value chain process (i.e. separation, thermal treatment,
and residue management), also including landfill settings
and waste composition. The respective data sources were
noted in terms of whether the studies used primary data,
secondary data, mixed primary and secondary data, or
were not specified at all. Specific modelling choices were
analyzed in terms of the considered reference scenario (in-
cumbent landfill management alternative instead of LFM),
externalities (environmental and social), marketability and

market prices of recovered resources, and economic in-
dicator (direct or discounted cash flow analysis). In addi-
tion, the handling of uncertainties was also enumerated in
terms of the type of employed uncertainty and sensitivity
analyses. Parametric uncertainty analysis accounts for the
uncertainties of input parameters (range of values instead
of an absolute value per parameter), which gives additional
information on the confidence level of the provided results.
Sensitivity analysis, on the other hand, accounts for the
robustness of results when input parameters are changed
either one at a time as in local sensitivity analysis, or si-
multaneously as in global sensitivity analysis (Saltelli et al.,
2008).

2.2.2 Synthesis of main findings

The main findings were assessed in terms of the re-
ported net performance and main economic drivers. For
net performance, apart from being net profitable or not,
potentially profitable cases were noted if at least one of
the considered scenarios generated a positive economic
result. Main economic drivers referred to the cost and re-
venue items with the highest values. Cost items were no-
ted as expenditures at each LFM process (i.e. excavation,
separation, thermal treatment, transportation, and residue
disposal), while revenue items were categorized into direct
revenues from process outputs (e.g. material sales, energy
sales and value of reclaimed land or landfill void space)
and indirect revenues caused by avoided aftercare costs
or governmental support (e.g. tax breaks or other policy
instruments internalizing environmental externalities). Mo-
reover, the criticalities related to the synthesis of main fin-
dings and the corresponding interpretation of subsequent
results were also highlighted.

2.2.3 Assessment of usefulness and validity

From the goal and scope definition, the perceived use-
fulness of the reviewed studies was categorized based on
the type of analysis (case study-specific or generic) and the
type of application (decision-oriented or learning-oriented).
Here, these two dimensions were taken further and used as
an analytical framework for assessing both the usefulness
and validity of the synthesized main findings. Usefulness
was described through enumerating the type of questions
the studies could answer, while validity was described
through the specific methodological rigor focusing on the
extent of scenario development and employed uncertainty
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TABLE 1: Analysis criteria addressed in this review. The classification under each analysis criterion is listed and described (in italics) when
deemed necessary. “Mixed” refers to either comparison or combination of preceding stated classification.

Analysis Criteria

Classification

Goal & scope definition

Type of application

Decision-oriented, learning-oriented

Type of analysis

Case study-specific: single-subject assessment (case study only), comparative assessment (case study +
scenarios of varying conditions at project and/or system level)
Generic: (case study + scenarios of varying conditions at site, project and system levels)

Geographical scope

Continent, country, region, multiple sites, single site

Technological scope

Separation: conventional, advanced, mixed (depending on the number of secondary materials recovered)
Thermal treatment: incineration, plasma gasification, mixed, internal/external

Residue management: re-landfill (internal/external), metal recovery, construction aggregates

Reference scenario, avoided costs if LFM is not performed: do nothing, aftercare, aftercare with energy
recovery

Temporal scope

Project duration corresponds to total process capacity (Mg/yr)

Economic perspective

Conventional LCC (C-LCC) purely financial, environmental LCC (E-LCC) accounts environmental costs/sav-
ings, social LCC (S-LCC) accounts broader societal costs/benefits

Technical parameters and data inventory

Landfill settings and waste composition

Type: municipal solid waste (MSW), industrial waste (IW), mix MSW-IW, mixed

Size: Small (<1 Mt), medium (1 to <10 Mt), large (>10 Mt)

Composition: Material fraction, material fraction + chemical composition, not specified
Data source: primary, secondary, mixed

Separation

Separation efficiency
Data source: primary, secondary, mixed

Thermal treatment

Energy efficiency
Data source: primary, secondary, mixed

Residue management

Amount of secondary waste/intermediary materials produced
Data source: primary, secondary, mixed

Modelling choices

Reference scenario

Length of reference scenario implementation

Externalities

Valuation of cost/benefit items for E-LCC and S-LCC

Marketability and market prices

Materials (ferrous metals, nonferrous metals, construction aggregates, RDF, valorized residues, etc.),

energy (electricity, heat), land, landfill void space

Economic indicator
and avoided costs)

Direct cash flow, discounted cash flow (accounts time-value of money i.e. lower value for future revenues

Uncertainty & sensitivity analysis

Parametric uncertainty analysis, local sensitivity analysis, global sensitivity analysis, mixed, none

and sensitivity analyses, apart from other possible general
issues such as transparency in data inventories and mo-
delling choices. This was done acknowledging the emer-
ging character of LFM with inherent large uncertainties that
must be handled.

Categories A (What is the economic outcome of a spe-
cific LFM project?) and B (How could the economic per-
formance of a specific LFM project be improved?) cover
a specific case in the perspective of landfill owner and/
or project manager. While Categories C (What is the eco-
nomic potential of large-scale implementation of LFM in
a region?) and D (How could profitable LFM projects be
developed through selection of sites, project set-ups, and
policy and market conditions?) are much broader that co-
ver wider regional scope and in the perspective of several
stakeholders such as LFM contractors, investors, policy-
makers, and/or researchers. Methodologically, it follows
that the scenario development for both Categories A and
B are limited to variation at the project level (e.g. techno-
logical and organizational set-up for separation, thermal
treatment, and/or further residue valorization). While for
both Categories C and D, they also consider variation at
the site level (e.g. waste composition, landfill size, etc.)

and system level (e.g. surrounding policy and market con-
ditions). Regarding the employed sensitivity analysis, local
sensitivity analysis is proven to be inefficient in revealing
the underlying interactions among the parameters, unlike
the global sensitivity analysis (Ferretti et al., 2016; Saltelli
and Annoni, 2010) that is particularly relevant for the le-
arning-oriented type of application. Hence, local sensitivity
analysis is at least expected for Categories A and C as they
only intend to know the net performance, while global sen-
sitivity analysis is expected for Categories B and D (“How”
questions) as they are after the principles of performance.
Lastly, to handle the inherent parametric uncertainties, pa-
rametric uncertainty analysis is expected for all Categories
to properly account for the variation of data values and the
extent of their effect to the spread of the study results.
This analytical framework helped in revealing the dif-
ference between the perceived usefulness (categorization
of studies based on the stated aim) and the real useful-
ness with the corresponding validity of the provided results
(assessment of methodological rigor based on the stated
aim). For instance, issues on validity due to unsatisfactory
methodological rigor directly led to problematic real useful-
ness. Proceeding discussion focused on the applications
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and limitations of the selected studies under each Cate-
gory, and the corresponding recommendations for impro-
vement in terms of economic assessment features and
how it can methodologically be performed. Furthermore,
synthesis discussion on how economic assessments can
be used to facilitate the development of cost-efficient LFM
projects and to guide future research prioritization for the
LFM area as a whole were underscored.

3. RESULTS AND DISCUSSION
3.1 Goal and scope definition

In total, this review includes 15 studies (see Appendix
A). Most of them involve specific LFM case studies with
a decision-oriented type of economic analysis. The key
objective of these studies is thus to assess the net per-
formance of a specific LFM project, often by accounting
for a limited number of scenario alternatives. Several stu-
dies (n=6), however, only assess the economic outcome of
a single scenario for realizing a specific LFM project. The
extent of assessed LFM processes and explored scenario
alternatives in all of the reviewed studies are shown in Fi-
gure 3.

At the site level, variation in waste composition is sel-
dom accounted for (n=1) in the explored scenarios, since
most of the studies address a specific landfill. Different
waste compositions are considered, such as municipal so-
lid waste (MSW, n=6), industrial waste (IW, n=3) and mixed
MSW and IW (MSW-IW, n=5). For the same reason, varia-
tion in system-level conditions (n=3) is also seldom inve-
stigated. The explored system-level variation is limited to
inclusion/exclusion of re-landfilling tax, availability/unavai-
lability of the market for recovered materials, and varying
the required length of time of the reference scenario. The
reference scenario is classified at both site and system le-
vel variation together with land resources. The former de-
pends on both the regulatory requirements as well as the
type of landfill waste composition (do nothing n=1, afterca-
re n=6, aftercare with energy recovery n=3), while the latter
depends on both market conditions and the location of the
landfill site (land recovery n=5, landfill void space recovery
n=4, mixed n=4). Not all of the studies accounted for these
two aspects, hence underestimating the economic perfor-
mance of LFM by missing possible revenue items.

Variation at the project level is commonly investigated
(n=8), and is done in different ways in individual studies.
For the separation process, investigated technologies in-
clude a conventional separation process (n=5) that reco-
vers metals and construction aggregates, or an advanced
separation process (n=7) that additionally recovers com-
bustibles (including refused derived fuel or RDF) and glass.
A comparison between these separation technologies is
also performed in the rest of the studies (n=3). For the ther-
mal treatment process, investigated technologies include
incineration (n=3), gasification (n=3), or the comparison
between the two. Apart from these variations in technolo-
gical set-up, variation in organizational set-up (n=3) is also
investigated, which means the thermal treatment process
is considered either internal or external to the LFM project.
Similarly, variation in organizational set-up (n=5) is investi-

gated for the disposal of separation residue, while the rest
have individually considered either internal (n=6) or exter-
nal (n=4) disposal. For thermal treatment residue, apart
from the disposal in hazardous landfill (n=3), further valo-
rization such as metal recovery from incineration bottom
ash (n=1) and construction aggregates (n=2) from plasma
gasification slag is also considered. It is notable that fewer
studies investigated more downstream processes starting
from thermal treatment, which is reflective of the emerging
character of LFM.

Variation in scope is also observed geographically,
technologically, and temporally. Regarding the geographi-
cal scope, a single landfill site (n=9) is typically considered,
while some also covered a wider scope in terms of natio-
nal (n=3) such as Scotland, Sweden, and Greece; regional
(n=2) such as Flanders in Belgium and Styria in Austria;
and also continental (n=1) such as entire Europe. It is no-
table that most of the selected studies come from Europe
(n=12), and only a few come from Asia (n=2) and North
America (n=1). The countries where these case studies are
located are categorized as nations with high-income eco-
nomies (World Bank, 2016), with more stringent standards
expected for landfill management. This situates LFM to ha-
ving a promising business case due to a favorable market
(i.e. higher material prices) and aftercare obligations (i.e.
higher avoided costs). Regarding the temporal scope, most
studies considered the specific LFM project duration. As
different case studies are considered, project duration de-
pends on landfill settings, processing capacity, and length
of landfill aftercare. Regarding the economic perspective,
most of the studies were assessed based on conventio-
nal LCC (n=8), while the rest were based on environmental
LCC (n=5) including green energy certificates and carbon
emission trading, and social LCC (n=2) including health risk
reduction and employment. This highlights that most of the
studies were intended for LFM practitioners with a private
economic view. Although a broader sustainability consi-
deration has been suggested, this also implies additional
complexity in terms of the valuation of external cost and
revenue items (Burlakovs et al., 2017).

3.2 Key technical parameters and data inventory
3.2.1 Landfill settings and waste composition

In terms of landfill settings, studies consider varying
landfill sizes, including small (<1 Mt, n=6), medium (1-10
Mt, n=5) and large (>10Mt, n=4) sites. The case studies are
typically described in terms of the mass of landfill waste
and seldom in terms of more specific information such
as area, depth, and density. Without such information, the
effect of excavation and internal transport logistics to the
economic performance of LFM may be overlooked (Ho-
gland et al., 2018; Holzle, 2019). In terms of waste com-
position, it is typically presented by material fractions (e.g.
metals, paper, wood, aggregates, etc.) and seldom by che-
mical composition. Consequently, it is difficult to qualify
the material outputs as to whether they satisfy standard
material quality requirements for the proceeding proces-
ses, may it be thermal treatment, material sales or even
disposal.
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and broader sustainability perspective. “Mixed” refers to either comparison or combination of preceding stated classifications, while
“none” refers to studies which excluded, or implicitly included, such processes.

Regarding data sources, most of the studies use pri-
mary sources (n=9), and the rest use secondary (n=4) and
mixed sources (n=2). Only a few of the primary sources are
based on full-scale excavation (n=2), and the rest (n=7) are
based on logbooks, preliminary sampling campaigns, and
pilot-scale excavation. The apparent use of primary sources
corresponds to case-specific studies, while the use of se-
condary and mixed sources corresponds to either hypo-
thetical case studies or studies with a wider geographical
scope. The average of waste compositions from different
landfills is used to represent continental (Van Vossen and
Prent, 2011), national (Ford et al., 2013; Frandegard et al.,
2015), and regional levels (Damigos et al., 2016; Danthure-
bandara et al., 2015b; Van Passel et al., 2013). Clearly, there
is a large uncertainty to be accounted for, both within and
among reported waste compositions (Hernandez Parrodi
et al., 2018; Hogland et al., 2018; Holzle, 2019).

3.2.2 Separation

Specifics of the separation process are typically pre-
sented through process flow diagrams. However, the cor-
responding separation efficiencies and the underlying ma-
chine specifics are seldom stated. Separation efficiencies
are from 40% to 100% of the total waste composition, with
most studies adopting the higher end. In addition, most of
the primary sources are based on laboratory-scale separa-
tion. For hypothetical cases, secondary sources are often

not closely related to the studied case but rather are obtai-
ned from industry estimates for fresh MSW processing.
Similarly, secondary costs data are directly adopted from
different geographical and temporal contexts. To assure
representativeness to the case study of interest, these data
have to be harmonized. Temporal cost harmonization can
be done through a financial approach to remove the effect
of inflation using indicators such as a gross domestic pro-
duct deflator and consumer price index, while geographical
cost harmonization can be achieved through purchasing
power parity (World Bank, 2014).

3.2.3 Thermal treatment

Irrespective of the type of thermal treatment techno-
logy, energy efficiencies are reported from 25% to 30%,
accounting for optimum performance. For this process,
the considered RDF quality requirement in terms of input
heating value is from 16 to 20 MJ/kg, which corresponds
to high-quality input materials (Bosmans et al., 2013). Both
of these specifics, however, are often based on secondary
sources, either from existing pilot plants for plasma gasi-
fication or large-scale plants for incineration. Such plants
use other process input materials such as fresh municipal
solid waste that is not representative of landfill waste. For
the secondary cost data, as previously stated, temporal
and geographical cost harmonization is not performed.
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3.2.4 Residue management

The amount of residue from the separation process is
not clearly stated, despite the fact that about 40% to 80%
of the total excavated waste ends up as residues (Hernan-
dez Parrodi et al., 2018). A similar issue on material flow
transparency is observed for the valorization of residue
from thermal treatment. Specifically, separation efficiency
and market quality requirements are seldom mentioned for
the metal recovery and construction aggregates produc-
tion from incineration and plasma gasification processes,
respectively. In addition, information about the hazardous
waste fraction is seldom noted that could significantly af-
fect the total re-landfilling costs. Hazardous waste is signi-
ficantly more expensive (100 to 200 Euro/ton) than its non-
hazardous counterpart (3-100 Euro/ton) (Confederation of
European Waste-to-Energy Plants, 2017).

3.3 Key modelling choices
3.3.1 Reference scenario

For the potential avoided costs, a reference scena-
rio is stated acknowledging that there is an incumbent
landfill management alternative instead of LFM. However,
a significant number of studies (n=5) do not mention any
reference scenario. However, for the ones that are mentio-
ned, specific technical requirements and costs of aftercare
vary widely depending on national or regional regulatory
requirements. For example, landfill cover is commonly re-
quired but not in the Netherlands (Van Vossen and Prent,
2011) and Denmark (Rosendal, 2015), or none is required
at all (do nothing) as in Sri Lanka (Danthurebandara et al.,
2015b). Moreover, the model for leachate production and
landfill gas emission is seldom specified, which directly af-
fects the amount of emissions and consequent treatment
costs. Also, the length of the aftercare period varies from
2510 100 years, with 30 years as the most commonly used.
This uncertainty is primarily due to the vague description in
Article 12d of the EU Landfill Directive (1999/31/EC), which
states that aftercare duration halts when “the competent
authorities consider the landfill likely to cause a hazard to
the environment”.

3.3.2 Externalities

Some studies (n=5) internalize environmental benefits,
which are limited to avoided climate impact in terms of car-
bon dioxide equivalent (CO, eq.). Different databases are
used to quantify process-related environmental emissions
(subsequently converted to CO, eq.), such as Bilan Carbo-
ne™ (Association Bilan Carbone, 2007), PROBAS (German
Federal Environmental Agency, 2013), and Ecolnvent v2.2
(Ecoinvent, 2010). According to the ILCD Handbook (Euro-
pean Commission-Joint Research Center, 2010), the selec-
tion of database must be based on completeness, repre-
sentativeness and up-to-date datasets, however none of
the studies justified such choices. Regarding the monetary
valuation, CO, eq. savings are valuated differently showing
wide variation in prices such as the hypothetical carbon tax
(10 Euro/ton, Winterstetter et al., 2015), the social cost of
carbon (20 Euro/ton, Tol, 2008), and the EU Emission Tra-
ding Scheme (40 Euro/ton, EU, 2007). Even wider variation

is notable for the prices of incentives for renewable ener-
gy production such as the green certificate (108-117 Euro/
MWh) in Belgium (Danthurebandara et al., 2015c; Van Pas-
sel et al., 2013) and the renewable obligation certificate (5-
42 Euro/MWh) in Scotland (Ford et al., 2013).

3.3.3 Marketability and market prices

Most of the studies (n=13) assume the marketability
of materials that they plan to recover and valorize. Howe-
ver, specific market quality requirements are seldom men-
tioned, and that all recovered and valorized materials are
assumed to be saleable. There are also some studies that
account for marketability and market price though prelimi-
nary discussions with potential buyers. Examples include
plantation owners for the soil residues as fertilizers (Zhou
et al.,, 2015) and construction companies for plasma gasi-
fication residue as construction aggregates (Danthureban-
dara et al., 2015¢; Van Passel et al., 2013). However, there
are also studies that have contradictory assumptions. For
example, instead of the production of construction aggre-
gates, Winterstetter et al. (2015) considered the re-landfil-
ling of plasma gasification residue, arguing that such a va-
lorization process has not gone beyond laboratory tests.
Moreover, none of the studies considers the broader mar-
ket dynamics of supply and demand upon the introduction
of exhumed materials to the market competing with pri-
mary sourced materials and more high-quality secondary
resources obtained from e.g. source separation programs.

3.3.4 Economic indicator

Studies perform either direct cash flow (n=7) or di-
scounted cash flow (n=8) analysis. For the former, it fol-
lows that the studies consider small landfill size with high
LFM processing capacity, leading to a project duration of
about a year. For the latter, project duration is much longer,
from 3 to 20 years, in which the time value of money has to
be considered (Brealy et al., 2011). The discount rate varies
from 3% to 15%, depending on if public or private financing
is considered, respectively. In essence, the project duration
and type of financing constitute a downplaying of the value
of future revenues and avoided costs, in comparison to the
initial investments accounting for higher risks.

3.3.5 Uncertainty/sensitivity analysis

From the previous sections, several possible variations
are discussed along the LFM value chain processes (i.e.
separation, thermal treatment and residue management),
as well as in other aspects such as waste composition,
externalities and some general assumptions (Table 2).
These correspond to the uncertainties that occur in sce-
nario building (scenario uncertainties) and data gathering
(parameter uncertainties), which have to be properly ad-
dressed for all systems analyses, in general (Clavreul et al.,
2012; Huijbregts et al., 2003).

Despite the abovementioned uncertainties, more than
half of the studies (n=8) have not performed any parame-
tric uncertainty or sensitivity analyses, of which the majo-
rity (n=6) have not considered even any scenario alterna-
tives but instead just a single scenario for a specific LFM
project. For the rest of the studies, sensitivity analysis is
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TABLE 2: Overview of uncertainties in the economic assessment of landfill mining.

Waste . Thermal Further valorization/ L
General - Separation . Externalities
composition treatment residue management
Scenario * Inclusion/ exclu- * Type of landfill * Technology choice (conventional to advanced technology) * Inclusion/
uncertainties sion of reference waste inclusion/ * Internal or external organizational arrangement exclusion of

scenario

exclusion of ha-
zardous waste

* Marketability of secondary materials and energy (substitution:
full, partial, no market)

environmental
and social costs

and benefits/
revenues

Parameter * Origin of costs/ * Amount in terms * Separation effi- * Energy recovery * Material market * Values of envi-
uncertainties price data (where of waste fraction ciencies efficiencies prices ronmental and
and when) or chemical * Material market * Energy market social costs and
* Amount of lea- composition prices prices benefits/revenues

chate and landfill
gas
* Discount rate

more commonly performed, that is, either alone (n=2) or
in combination with uncertainty analysis (n=5). About the
same share of studies have performed either global sen-
sitivity analysis (n=4) and local sensitivity analysis (n=3).
This uncommon practice of performing uncertainty and
sensitivity analyses indicates that the majority of the stu-
dies lack information on the robustness of their provided
results, hence posing questionable usefulness and validity
of fulfilling their intended objectives. Poor uncertainty ma-
nagement may lead to faulty decision support with missing
risks information that is related to the net performance of
LFM, as well as misunderstanding the principles of perfor-
mance of LFM with the lack of systematic identification of
its main economic drivers.

3.4 Synthesis of main findings and related critica-
lities

Despite the unique conditions and considerations of
individual studies, it can be generalized that LFM is a chal-
lenging business venture based on the reported net eco-
nomic performances. Only a few of the studies are profi-
table (n=2), while the rest are either not profitable (n=7) or
potentially profitable (n=6). The net economic outcome of
the studies ranges from a net deficit of -€112 to a net profit
of +€67. Appendix A gives individual study results that are
temporally (GDP deflator) and geographically (purchasing
power parity) harmonized.

A main reason for reviewing the findings of previous
case studies is to identify reoccurring conditions and set-
tings of importance for the feasibility of a project, thereby
contributing to the common knowledge building of a con-
cept or strategy. However, when it comes to LFM, such a
synthesis is difficult, due to a general lack of transparency
regarding case-specific conditions, and different proce-
dures for the way in which the projects and their different
processes have been aggregated and modelled (Sections
3.2-3.3). In most of the case studies, for instance, the LFM
value chain is depicted and modelled only in terms of main
processes (e.g. excavation and sorting, waste-to-material
and waste-to-energy), while the contributions from un-
derlying factors in terms of the numerous parameters that
build up each of these processes remain unknown, or at
least not systematically accounted for. In addition, many
of these processes and parameters are highly connected
throughout the LFM process chain, and such interactions

or combinational effects often have a significant impact on
the economic performance of a project. This treatment of
the process chain as a series of black boxes makes it dif-
ficult to develop any deeper understanding of what builds
up the economy in the different LFM projects, and limits the
identification of reoccurring performance drivers to some
highly aggregated cost and revenue items, Figure 4.

For several methodological reasons discussed in pre-
vious sections, even the interpretation of this type of highly
aggregated and superficial information about commonly
reported LFM performance drivers should be done with
caution. This is because each LFM project is uniquely de-
signed in terms of its site, project set-up and system level
conditions and, without a clear record of such settings (as
in many of the reviewed case studies), conclusions about
the general significance of a certain performance driver
might be misleading. For instance, the different case stu-
dies involve different approaches to the treatment of com-
bustibles exhumed from the landfills, and this has an ove-
rarching impact on the economy of the projects. In cases
where such fuel is sent to external waste-to-energy plants,
process-related (e.g. excavation and separation) and ma-
terial flow-related (e.g. transportation and disposal) cash
flows are often reported as main cost items. Although
such costs remain important in projects involving internal
thermal treatment of the extracted combustibles, capital
investments and operational expenditures related to the
(new) waste-to-energy plant then typically dominate the
cost profile. In addition, revenues from energy sales only
become applicable for such project set-ups in which the
combustibles are thermally treated internally.

Also, when it comes to the reported performance dri-
vers in terms of revenues, drawing conclusions of gene-
ral relevance for the LFM area is somewhat difficult. For
instance, virtually all of the case studies report revenues
from recovered materials (which are almost exclusively
metals) as an important revenue, while indirect benefits
of a LFM project in terms of the value of reclaimed land
and landfill void space, or avoided landfill aftercare costs,
are less frequently identified as main drivers. However, this
does not mean that such indirect benefits are not impor-
tant for the economic outcome of a LFM project, but rather
that the case studies often have involved landfills with no
or low aftercare costs situated in locations with relatively
low land values and needs for new landfill void space. This

J.L. Esguerra et al. / DETRITUS / Volume 08 - 2019 / pages 125-140 133



(-) excavation

(+) avoided 14
aftercare 12 -

__,(-) separation

10 -

(+) externalities

(+) value of L
landfill void space

(+) value of land 5

(+) energy sales

“\_ _ (-) transportation

— | (-) thermal
"/ treatment

g (-) disposal

(+) material sales

FIGURE 4: Reported economic performance drivers of LFM in the reviewed studies (n=15) in terms of the top three main cost (-) and rev-
enue (+) items. However, due to the differences in the LFM cases and the economic assessment methods used, interpretation should be

done with caution. See text for further explanation.

inability to address the importance of sitespecific condi-
tions (e.g. material composition and aftercare needs) and
other local settings (needs and values for land and landfill
void space) for the economy of LFM projects is an inherent
characteristic of the reviewed studies due to their focus on
assessing only one case.

3.5 Usefulness and validity of selected studies and
recommendations for future assessments

One main reason that most of the reviewed studies
(n=9) only provide superficial knowledge on what builds up
the economic performance of LFM is that they are deci-
sion-oriented, as shown in Figure 5. Thereby, they primarily
aim to forecast the net outcome of conducting LFM in a
certain landfill site (n=6, case study-specific, Category A)
or within a wider geographical scope (n=3, generic, Cate-
gory C). Both of these analyses aim to produce knowledge
that is, indeed, essential for supporting investment deci-
sions on both the project and regional levels (Finnveden
and Moberg, 2005; Swarr et al., 2011). However, for emer-
ging concepts such as LFM with a lack of real-life projects
and records of accomplishment, the validity of the results
obtained from such feasibility assessments can be que-
stioned. For instance, current knowledge deficits about
the different processes of the LFM value chain are typical-
ly addressed using secondary data from the sorting and
recovery of other waste (e.g. fresh MSW) or experiences
from small-scale (laboratory) tests (Section 3.2). Not only
is the applicability of such data to the large-scale proces-
sing of landfilled waste unknown, but also most studies
assume that the extracted materials and energy resources
will be marketable (Section 3.3.5). Although such inherent
knowledge deficits are inevitable for any emerging con-
cept (Clavreul et al., 2012; Hellweg and Mila i Canals, 2014;
Martinez-Sanchez et al., 2015), a major concern here is that

most of the studies leave them unaccounted for (Section
3.3.5), and hence, their effect on the robustness of the
results is unknown. Consequently, landfill owners, project
managers, LFM contractors, investors and policy-makers
are prone to making decisions based on results with large
implicit, or even neglected, information on the economic
risks. For instance, if the generally employed assumption
that the extracted materials and energy sources will be re-
adily accepted on existing markets is not true (Johansson
et al,, 2017), this will have significant implications for the
economic feasibility of any LFM initiative.

In essence, we are not yet in a position to make this
type of profitability claim regarding LFM, not on the project
level (Category A) and certainly not on the regional scale
(Category C). Before such assessments can be made with
any trustworthiness, extensive and applied research is nee-
ded to address key issues such as what resources can be
extracted from landfills, at what quality levels, and under
what conditions they will be accepted on existing markets
(Krook et al., 2019). In order to develop such knowledge,
there is no alternative than to go from the often-seen la-
boratory studies to well-planned pilot studies in which the
efficiency, capacities and performance of different sepa-
ration, upcycling and recovery technologies are developed
and monitored on a scale comparable to real-life projects.
If any stakeholder wants even so to forecast the economic
outcome of a specific project or estimate the economic
potential of implementing LFM in a region, it is strongly
recommended that this be done by employing existing
scenario and parameter uncertainty analysis methods. As
demonstrated by some studies of project assessments
(Danthurebandara et al., 2015c; Frandegard et al., 2015;
Van Passel et al., 2013; Winterstetter et al., 2015), such an
analytical approach makes it possible to provide more fair
feasibility claims. Instead of providing a single (but highly
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FIGURE 5: The categorization of the selected studies (n=15) in terms of their perceived usefulness. However, given the validity concerns
of the results obtained, their usefulness is only partially, if not at all, fulfilled. See text for further explanation.

uncertain) value, it derives a wide range of plausible outco-
mes in which the implications of current knowledge defi-
cits are explicit.

In order to guide LFM research and knowledge deve-
lopment towards key challenges and potential solutions
for cost-efficiency, learning-oriented studies are neces-
sary (Fleischer et al., 2005; Krook et al., 2019; Wender et
al., 2014). Several features make such studies distincti-
vely different from decisionoriented studies. To start with,
learning-oriented assessments go beyond the intention to
obtain an accurate estimate of the net economic outcome
of a certain case, and rather aim to provide strategic gui-
dance on how the economic performance can be impro-
ved, and to determine what type of knowledge is essential
for developing such a project. This change in perspective
has some major implications for how to design and execu-
te economic assessments of LFM. In order to account for
current empirical constraints and knowledge gaps, an ex-
plorative approach is needed (Voinov et al., 2016; Wender
et al,, 2014), in which multiple possibilities and scenarios
are simultaneously assessed to scope in implications of
different site-specific settings, choices of processing lines
and technologies, and policy and market conditions. Ano-
ther key characteristic of learning-oriented assessments
is that the collection of data for different processes and
parameters aims to cover the range of possible variation,
both in terms of stochastic and epistemological uncertain-
ties, rather than to obtain, as in many decision-oriented stu-
dies, a single (but highly uncertain) value. To handle such
wide variations on both the scenario and parameter levels,
the employment of systematic uncertainty and sensitivity
analyses methods is key (Ferretti et al., 2016; Saltelli and
Annoni, 2010). Not only do such methods make it possi-
ble to explicitly account for the uncertainties in the results,

they also enable fine-grained assessments of the proces-
ses, parameters and interactions among them that jointly
build up the net economic outcome of LFM.

Several of the reviewed studies can be categorized as
learning-oriented in the sense that their main objective is
to discover what builds up the net economic performan-
ce of conducting LFM in a specific landfill site (n=5, case
study-specific, Category B), or within a wider geographical
scope (n=1, generic, Category D). However, one major li-
mitation of these studies is that they typically only involve
a few scenarios in which some of the conditions and set-
tings at the project set-up level are explored. For instance,
technical options are limited to one set of separation and
thermal treatment processes. Further, project organization
is only considered as a certain process, which is either in-
ternal or external to the project (Section 3.1). In order to
better scope in key challenges and potential solutions, it is
necessary to consider a wider variety of options to techni-
cally and organizationally set up LFM projects. Moreover,
possible variations and choices related to the landfill site
and surrounding system levels are seldom explored. On the
generic or regional level, the assessment of such variations
is a necessity to identify which landfills are suitable for mi-
ning and how different policy and market environments
influence the economics of such projects. However, even
in case-specific assessments, an openness to different
alternatives and conditions on these levels is useful, gi-
ven the often early stage of development and thus huge
knowledge deficits regarding such matters as the landfill
composition, and the implications of various policies and
market conditions. Such exploration of multiple scenarios
can be done through the integration of existing knowledge
from previous case studies and through participatory sce-
nario development, in which a wider array of possibilities is
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co-created with different experts belonging to the different
parts and processes of the LFM value chain (Voinov et al.,
2016; Wender et al., 2014).

When handling uncertainties, several of the lear-
ning-oriented studies performed parametric uncertainty
analysis. However, toonarrow ranges of variation are typi-
cally used that mainly cover natural or stochastic variations
in the capacity and efficiency of conventional processes,
while knowledge-related or epistemic uncertainties in the
processing and recovery of previously landfilled waste are
seldom addressed. For instance, the stochastic uncertain-
ty related to the separation efficiency of processing fresh
MSW is commonly accounted for in such case studies,
but not the presumably much larger epistemic uncertainty
related to the expected differences in process performan-
ce when the input is excavated LFM waste. A direct con-
sequence of this in practice is that there is a risk that the
importance of different processes and parameters for the
economic performance of LFM will be underestimated. In
addition, the quality of recovered materials (whether they
have reached market quality standards) and their corre-
sponding marketability (whether there is a market demand
for such materials recovered from landfills) also entail huge
epistemic uncertainties that are virtually never addressed.
Such factors may nevertheless, have significant implica-
tions for the economic performance of LFM. Stochastic
and epistemic uncertainties are typically addressed by
collecting ranges of values and developing probability
and possibility distributions together with the respecti-
ve experts (Clavreul et al., 2013; Lacirignola et al., 2017).

When it comes to the analysis of critical conditions and
factors for economic performance, most of the studies
use local sensitivity analysis or one-at-a-time sensitivity
analysis, in which parameters changes are accounted for
individually, rather than simultaneously. Such a method,
however, is unsystematic in revealing the important econo-
mic drivers, primarily because of its inability to address the
interrelations among different processes and parameters
(Ferretti et al., 2016; Saltelli and Annoni, 2010). The use of
this sensitivity analysis method often leads to the proces-
ses and parameters downstream in the LFM value chain
being identified as the most critical for the economic out-
come, while the fact that their importance is rather a con-
sequence of the realization and interactions with upstream
parameters is missed. To take a very simple example, se-
veral of the studies conclude that (increasing) raw material
prices are one of the most important drivers for increasing
the material revenues from LFM, and the studies empha-
size the need for exogenous changes or specific policy
instruments to stimulate such development. However, the
net material revenue that can be obtained is determined
rather by the specific interrelations between the content of
different materials in the landfill, the costs and efficiency of
extracting them into well-defined and marketable material
categories, and (to a significantly lesser extent) plausible
variations in raw material prices. Uncovering such interre-
lations thus leads in a totally different direction, in which
potential measures to improve the economic performan-
ce involve the selection of suitable and more high-grade
landfills for mining, and the development of tailored pro-

cessing and sorting lines, rather than calling for policy and
market interventions that influence raw material prices.
One way to systematically reveal such interrelations is
by performing both first-order and higher-order variance-
based global sensitivity analyses, in which both the direct
and combinational economic effects of various conditions,
settings and parameters are simultaneously assessed
(Saltelli et al., 2010). In practice, extensive data collection
must be carried out in order to achieve multiple scenario
development. In addition, such analyses are mathematical-
ly demanding in terms of modelling design and execution.
In the field of LFM, Laner et al. (2016) performed a learning-
oriented study of the climate impact assessment of LFM
in Europe. It employed multiple scenario development that
accounted for variations occurring on the site, project and
system levels, together with a global sensitivity analysis,
which may be one of the bases for future economic asses-
sment of LFM. In general, learning-oriented studies are ex-
pected to provide knowledge that can aid in developing a
systematic overview of how different conditions, settings
and parameters, as well as their interrelations, contribute
to the net outcome. Consequently, the focus should be di-
rected to where more learning is demanded. This will reveal
what is potentially important and what is not, thereby faci-
litating priority-setting in terms of where investment into
research and knowledge development should be directed.

LFM is an investment-intensive undertaking and stra-
tegic guidance for future projects is necessary. One fun-
damental question is which landfill site to prioritize to
exemplify economically favorable projects. In this regard,
generic and learning-oriented studies (Category D) can be
used to determine strategic locations for future pilot-scale
and (eventually) large-scale project implementations. To
direct individual LFM projects in terms of technical and
project organizational set-up, case-study specific and lear-
ning-oriented studies (Category B) can be used, showing
complementarity of approaches. In this way, more practical
knowledge and primary sourced data will become availa-
ble, strengthening in this way the results of generic studies.
With widely accepted conclusions that reveal the true eco-
nomic potential of LFM, further development of favorable
policy and market environments can be advised for more
cost-efficient LFM projects in the future.

4. CONCLUSIONS

A total of 15 studies have been examined in this review,
which quantitatively assessed the economic potential of
LFM. The majority of the studies are case study-specific,
with a decision-oriented type of application. This ac-
counted for individual cases with quite varied LFM project
descriptions, and considered scenarios classified at the
site, project and system levels. Apparent scenario and
parameter uncertainties were highlighted and acknowled-
ged to be inherent to the emerging character of LFM, with
the inevitable use of secondary data sources, or primary
sources that are based on laboratory to pilot-scale tests.
In this regard, transparent descriptions of goal and scope,
data inventory and estimations, and model assumptions
are called for. These are typical recommendations as sta-
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ted in existing method guidelines (IS0, 2006a, 2006b; Swarr
et al., 2011), but they remain unaddressed in the following
LFM studies, and in most of the current systems analysis
carried out in the field of waste management (Astrup et al.,
2015; Laurent et al., 20144, 2014b; Martinez-Sanchez et al.,
2015). Apart from transparency, subsequent management
of these uncertainties must be addressed to ensure the
usefulness and validity of study results.

Moreover, this review highlights that economic asses-
sments, obtained through a learning-oriented approach,
can be used not just to obtain the net performance, but also
to understand the principles of performance and improve
current knowledge levels for future LFM project implemen-
tation. In dealing with LFM with large knowledge deficits,
it is highly recommended that more extensive and applied
research must be carried out. Such LFM initiatives can be
guided by learning-oriented approach in terms of site se-
lection (Which landfill site is suitable for mining?), project
implementation (Which technological set up and project
organizational set up are preferable?), and system setting
(Which policy and market conditions are favorable?) to-
wards the development of cost-efficient LFM projects. In
this case, explorative scenario development can be used
by accounting multiple variations at site, project, and sy-
stem levels. Subsequently, the related uncertainties and
their respective importance can be accounted for by per-
forming parameter uncertainty analysis and global sensi-
tivity analysis. Furthermore, with the broader scope of as-
sessment and granular analysis of parameter importance,
the overarching key potentials and challenges of LFM can
systematically be identified. Hence, future LFM research
prioritization can be guided. For instance, according to their
relative importance, specific parameter improvements can
be focused on, individually or in combination, such as bet-
ter separation efficiency or energy conversion efficiency at
the project level, or more favorable market standards and
prices as well as lower taxes and gate fees at the system
level. In consideration of LFM as an investment-intensive
undertaking, such strategic guidance through a learning-
oriented economic assessment can be beneficial in har-
nessing its economic potential even at an emerging phase
of development.
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APPENDIX A

Overview of the empirical findings from the selected studies (n=15). The net result is presented as stated in each
studies as well as the harmonized values for better cross-country comparison (literature value; harmonized value). Harmo-
nization of values is done using GDP deflator (temporal harmonization) and purchasing power parity (geographical harmo-
nization) conversion factors for 2018. For some studies (n=2), actual values are not explicitly stated that may be intended
due to proprietary reasons, but at least, net profitability (positive or negative) can be inferred.

I Landfill characteristics Net result, Economic performance drivers
Selected studies waste type (W), size Scale of €/ton of excavated :
(n=15) ©) dyll:, ti ! L excavation N Main costs Main benefits/
, and location waste revenues
W: monolandfill treatment & re- material sales (silica
' _ . (foundry) , A not prgﬂtable landfilling (fines), fuel, sands & iron powde;r),
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(-22to +1.7;-27 to +2)
complete material
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