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Abstract: With the aim of examining the forcing factors in postmanagement landfills, in this study,
excavation waste from nonhazardous municipal waste landfill in Tuscany was characterized for
the first time. The specific objective was to estimate the feasibility of sampling and analyzing the
excavated waste in order to define its properties and provide information about possible landfill
mining projects. Based on the biochemical methane potential assays, it was shown that the excavated
waste had not yet been stabilized (i.e., with a production of 52.2 ± 28.7 NlCH4/kgTS) in the landfill,
probably due to the low excavated waste moisture content (36% ± 6% w/w). Furthermore, excavated
waste has a high calorific value, i.e., 15.2 ± 4.1 MJ/kg; the quantity of combustibles in the industrial
shredder waste (16 MJ/kg) was rather modest compared to that of municipal solid waste (20.8 MJ/Kg).
In conclusion, during large scale excavation of the landfill, it was possible to evaluate how a dedicated
treatment plant could be designed to treat and select waste which might appear in a different category.
For excavated industrial waste, detailed mechanical sorting may be convenient for end-of-waste
recovery to improve calorific value.

Keywords: waste characterization; municipal solid waste; landfill mining; biochemical methane
potential; lower heating value; excavated waste

1. Introduction

In recent decades, many changes have been implemented in the European Union (EU) regarding
solid waste management and landfilling thanks to the Landfill Directive (EU Directive 1999/31/EC)
and subsequent amendments. The EU directive strongly encourages the reduction of organic waste
which can be landfilled; consequently, waste reduction and the mechanical–biological pretreatment of
unsorted waste are promoted, which is leading to changes in the composition of landfilled waste [1].

Since in many old landfills, the composition, volume, and position of landfilled wastes were not
well recorded, the nature and texture of the waste landfill and its potential impact capacity remain
unspecified [2]. Inside landfill, waste undergoes various physical and biochemical transformations
at various rates. The processes, along with the diversified composition of the landfilled waste, may
result in different states existing in distinct areas within the landfill. These circumstances may produce
indecision when scheduling post-landfill and/or aftercare activities [3].

Furthermore, a waste management hierarchy was prescribed in 2008 through the European Waste
Directive (EU Directive 2008/98/EC), which regards landfilling as a last resort solution. In recent times,
historic landfills have attracted renewed interest due to concerns regarding resource and land scarcity.
From this perspective, the innovative concept of “Enhanced Landfill Mining” (ELFM) proposed by
Jones et al. has emerged [4]. ELFM considers landfill as a means for temporary storage rather than a
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definitive solution, with the idea that the waste contained within it will, in the future, gain a new value
through recycling and thermovalorization. This will lead to advanced recycling, higher re-use rates
and maximized energy utilization [2,4,5].

Basically, ELFM foresees the combined and integrated use of waste streams both as an energy
source (“Waste-to-Energy”, WtE) and as a source of materials (“Waste-to-Material”, WtM), with respect
to the environment and public safety [4,6]. Interest in ELFM could be fostered if excavated waste could
be valorized. With the aim of favoring the recovery and valorization, the selection and treatment of
diverse waste streams are necessary to facilitate the production of valuable recycled materials from
heterogeneous waste. Particular schemes and separation treatments could be studied for the sorting
of mixed waste streams including shredder residue and polluted soil [3]. In general, these schemes
consist of a combination of mechanical treatments and separation techniques such as crushing, milling,
sieving, magnetic and eddy current separation, density separation based on air flow, water-based
density, and optical separation techniques. Since excavated waste can be affected by the age of the
waste and the deterioration processes which have occurred over time, in the case of ELFM, a high
level of performance of treatment plants is required if fuels and high-quality waste materials are to
be recovered. In some cases, the excavated waste consists of residual waste mixtures coming from
treatment schemes engineered in the past to recover specific flows, such as the treatment of the organic
fraction stabilized by unsorted waste. At present, the evolution of a separation plant that can optimally
recover resources is a scientific and technical challenge in the field of ELFM [7].

In the past, the principal reasons that landfill mining was proposed were (i) the remediation of
landfills with a consequent reduction of impact, (ii) the creation of new available space in existing
landfills, and (iii) the recovery of recyclable materials and fuels [8]. Moreover, as a consequence of the
decrease in the volume of waste destined for landfill, new business models have been sought after by
waste management companies [1], consistent with the circular economy.

Previously, other authors [7,9–12] have pointed out that an appropriate investigation during
the early stages of a landfill mining project is fundamental. In order to assess the characteristics of
landfilled waste, specific site surveys, performed through excavation of and drilling into the landfill
body, are necessary [8].

The fine fraction (FF) has a crucial role for the economic and environmental sustainability of a
landfill mining project, especially in the quest to understand its destiny in terms of recovery and/or
disposal [3]. In fact, in some studies, the fine soil type fraction has been potentially assimilated with a
material which is useful for temporary and final landfill coverings, thus avoiding disposal costs [13].
Alternatively, the FF can be re-landfilled, which, however, incurs significant costs that can render the
landfill mining project unsustainable [9]. Several research projects and prefeasibility works [8,14,15] in
various nations in landfill mining have shown that different landfills have substantial differences in
terms of recovery potential from excavation. Circumstances such as the age and type of waste, or the
depth of the landfill, in addition to meteorological and hydrological conditions and the catchment
area where the landfill operates, could have an influence on the composition of the stored materials,
and therefore, on possible recoveries [16]. With the aim of studying potential recovery from a landfill
site, quantitative and qualitative examination of landfilled waste is required [17].

This works focuses on a landfill-for-resources action plan to understand whether in situ or ex situ
landfill mining is more suitable for the studied site. In fact, it is possible to refer to “in situ landfill
mining” in the case of feasible recovery activities, even without the excavation of waste, such as
the recovery of methane (CH4) from landfill gas [4]. Instead, “ex situ landfill mining” takes place
when the (even partial) excavation and the extraction of waste leads to the recovery of materials and
resources. The importance of these approaches is linked to intrinsic factors, such as the size, age,
and type of landfill, the waste composition, and extrinsic factors, such as the availability of treatment
technologies [18–20]. For example, industrial landfills, when rich in metals, may be more interesting
for ex situ techniques, while municipal solid waste (MSW) landfills could be adapted to suit the
bioreactor model with an in situ approach. Some landfill could have a multiple nature and therefore be
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addressed to both landfill mining approaches. For example, it might be appropriate to consider the
two approaches in series, first applying in situ and then ex situ landfill mining [4].

In order to assess the conditions prevailing in a nonhazardous waste landfill, for the first time
in Tuscany a study was conducted directly on the excavated waste. This study was designed with
particular regard to the available information about the landfill in terms of age and waste type as well
as relative collocation. In fact, sampling the waste during the construction of gas wells can support
the design of leachate recirculation systems and provide information to optimize the extraction of the
gas. Consequently, one specific aim of this study is to evaluate the reliability of landfill body sampling
and to provide information on the state of waste for a correct planning of future aftercare actions.
The objectives of the field test were to:

• Carry out a detailed characterization of the landfilled waste composition;
• Evaluate the different compositions of industrial waste and MSW placed in different landfill sections;
• Characterize the variation in terms of age and depth, and therefore, the vertical and horizontal

distribution in the waste body;
• Investigate the possible ongoing degradation processes in the landfill body;
• Make assessments regarding the possible valorization of the excavated waste in terms of both fuel

and other potential resources.

2. Materials and Methods

2.1. Study Area

The present study focuses on two sections of the largest sanitary landfilling area in Tuscany, which
is considered an example of a modern and well managed landfill. While the landfilling area is still in
operation, the sections under study were in operation for approximately two decades starting from the
late 1980s. During their operation, the two sections accepted respectively raw MSW and industrial
waste (IW) recovered from MSW treatment. A minor part of the second section was also dedicated to
the disposal of sludge produced by the local civil wastewater treatment plant. In the oldest section of
the landfill (Site A, covering an area of 130,000 m2) more than 4 million tons of MSW were deposited
from 1985 to 2000. In the latest section of the landfill (Site B, covering an area of 150,000 m2), more than
5 million tons of IW from mechanical biological treatment (MBT) of MSW, were deposited from 2001 to
2015. The main characteristics of the landfill are shown in Table 1 and Figure 1.

Figure 1. Locations of field tests.
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Table 1. Description of the waste sample taken at the selected sampling locations of the field test.

Landfill Area
(m2)

Waste Amount
(million t wet)

Landfilled
Waste (1000 t/a) Sector Year of

Storage
Type of
Waste Description of Waste Top liner Bottom

Liner Well Dept
(From Top Line) Age

Site A 130,000
3,900,000

(density 1 Kg/mc)
260

A1 1985–1990 MSW

MSW originating from both
households, businesses and

industrial companies

1 m clay +
1 m soil

Clay A1_w1
0–10 25

11–20 30

A2 1991–1995 MSW 1 m clay +
1 m soil

Clay A2_w2
0–10 24

11–20 22

21–30 20

A3 1996–2000 MSW 1 m clay +
1 m soil

Clay A3_w3
0–10 15

11–20 17

21–30 19

Site B 150,000
5,000,000

(density 1.2 Kg/m3) 400

B1 2001–2006 MSW +
IW

MSW originating from both
households and industrial

companies + sludge
(SC 13% in 2001)

1 m clay +
LDPE foil
+ 1 m soil

Clay + 2.5
mm foil

B1_w4
0–10 13

11–20 14

B1_w5

0–10 11

11–20 12

21–30 10

B1_w6

0–10 11

11–20 9

21–30 10

B2 2007–2010 IW from
MSW

IW rich in shredder and fine
residues such as stabilized
organic fraction + sludge

(SC 35% in 2007)

1 m clay +
LDPE foil
+ 1 m soil

Clay + 2.5
mm foil

B2_w7
0–10 8

11–20 9

B2_w8
0–10 7

11–20 8

B2_w9
0–10 5

11–20 6

B3 2011–2015 IW from
MSW

IW rich in shredder and fine
residues: stabilized organic
fraction (residual waste) +
sludge (SC 60% in 2015)

1 m clay +
LDPE foil
+ 1 m soil

Clay + 2.5
mm foil

B3_w10
0–10 3

11–20 4

B3_w11
0–10 1

11–20 2
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Both sections were operated in compliance with the EU Landfill Directive, but only Site B was
designed in accordance with it. Both sites are now completely covered with a high-quality clay capping.
Additionally, Site B was lined with a HDPE membrane in order to avoid any rain infiltration or air
intrusion and to maximize gas collection. An active gas collection system is present throughout
the whole landfill. From year 2015, electric energy is recovered from the extracted landfill gas by
cogeneration units with 3.8 MWe overall capacity. Site A and Site B are about 35 and 30 m deep,
respectively. Since 2004, the activity of recycling facilities located near the site has been intensified.
While in the first years of landfill activity mixed waste streams were entirely landfilled, after year 2000
the collection of segregated waste, such as biowaste, paper and cardboard, glass and metals increased
gradually. The percentage of separate waste collection (SC) in Tuscany rose sharply from 13% in
2000 to 60% in 2015, and since 2008, only the residual fraction from MBT plant has been landfilled.
To characterize the history of MSW composition, four homogeneous modules named A1, A2, A3
and B1 were identified within sites A and B and sampled singularly. Hence, 4 different locations
were selected in order to represent four homogeneous MSW generation periods. Conversely, the two
modules named B2 and B3 were selected within site B to represent IW disposal, as they were rich in
shredder-like waste and residual fractions from MBT of MSW. During the active phase, the disposed
wastes were compacted in layers with a daily cover, which was composed of soil for the historical
modules and of compost from mixed waste for the newer sections. The study site is in a hilly area of
high landscape value with a temperate Mediterranean climate. An average of 870 mm of rainfall per
year is observed in this area.

2.2. Excavation and Sampling Procedure

The samples were collected at different depths during the construction of new landfill gas collection
wells. The locations were selected taking into consideration the type of waste and the period during
which the waste was deposited. The samples were chosen so that different depths corresponded to
different ages of the waste. It was possible to date the sampled wastes by reading the expiry dates
printed on fresh dairy product envelops, which were still clearly readable. Eight samples were taken
from three wells in Site A and eighteen samples from eight wells in Site B. The perforations were
performed with a 1 m diameter drilling rig.

Roughly, 10 tons of waste were collected from each well. Bulky objects (>500 mm) such as stones,
plastic parts or metal bars were removed from each sample and their percental weights were evaluated
and registered. The raw material was collected at three different depths (10, 20 and 30 m) for W2, W3,
W5, W6, W8, and at 10 m and 20 m depths for W1, W4, W7, W9, W10 and W11 (Table 1). Approximately
100 kg of material per each depth was sampled, packed in sealed plastic drums and transported to
the laboratory. The amount of waste examined is a compromise between sample representativeness
and time required to analyze it. Samples were manually sieved to separate >50, 10–50 and <10 mm
fractions, so as to simulate the mechanical separation. It was decided to sift the samples before drying
them, so as to detach the fines that adhered to the coarse parts due to moisture. All the detached
fines were then removed manually. The determination of the FF (<10 mm) was carried out by manual
sieving on a screen with a square mesh of 10 × 10 mm. Each particle size category, except for the
<10 mm material, was manually separated into biodegradable fractions such as paper and cardboard,
textiles, wood, nonbiodegradable fractions (plastics) and inert materials (metals, rocks and soil). Each
category was weighed separately. The samples were shredded (A11 IKA, M20 IKA) into three different
fractions (excluding bulky materials) in order to be homogenized for analytical purposes.

Within 7 days, all the screening and manual selection operations were terminated. The analytical
measuring lasted about three months, during which the fractions were stored below 0 ◦C [11].

During the manual separation, the following 7 categories were separated: paper and cardboard
(PCB hereafter referred to as "paper"), plastic (P), wood (W), metal (M), textiles (T), inert (I) and FF [10].
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2.3. Waste Characterization and Analyses

As described previously, after the separation of FF, each category was screened so as to split it
into two dimensional fractions of >50 and 10–50 mm. Each dimensional fraction was hypothesized to
be exploitable in different ways. Consequently, each fraction was characterized differently according to
its potential recovery option. The idea behind this choice was that of simulating a possible mechanical
sorting (light shredding and sieving).

The following parameters were analyzed for the whole samples: total solids (TS), moisture content
(MC), final biochemical methane potential (BMPf), lower heating value (LHV), chlorine (Cl) and
mercury (Hg) concentrations. The following parameters where analyzed for FF (hereafter indicated
with the suffix FF): pH, total volatile solids (TVS), total organic carbon (TOC), TS, BMPf. Lastly, LHV,
Hg, Cl were repeated for the composition of each coarse fraction (>50 mm). The particle sizes of the
processed fractions were <2 mm for TOC and LHV, and <20 mm for TS, VS, and methane production
assays [11].

The whole biodegradable fractions (especially the fraction between 10 and 50 mm containing
biodegradable residues recognizable as partially degraded organic waste) and the FF (fine materials
with dimension below 10 mm) were chosen to be evaluated with anaerobic biodegradability assays
(BMP test) as the most probable sources of biogas generation. As such, these fractions were characterized
in terms of TS, VS and pH of the water suspension [19]. TS, TVS and pH were determined in order to
characterize each waste fraction used for the anaerobic biodegradability assays according to standard
methods [21]. The dry matter was measured by drying 2–4 kg of the sample at 105 ◦C in an oven for at
least 24 h until weight constancy was achieved. The dry samples were then muffle dried at 550 ◦C for
at least 4 hours in order to calculate the TVS. A triplicate was performed for all samples. TS, MC and
TVS contents are presented as % (mass fraction of wet waste).

To calculate the possible efficiency of a WtE treatment, the MC and the LHV were evaluated.
In order to assess the feasibility of End of Waste (EoW) conditions in the case of solid recovered fuel
(SRF), the concentrations of Cl and Hg were measured. The dry weight was analyzed according to
CEN/TS 15414: 2006 [22]. The caloric values were analyzed at constant pressure according to CEN/TS
15400: 2006 [23]. Cl and Hg were analyzed using CEN/TS 15408: 2006 [24].

2.4. Biochemical Methane Potential Tests

In order to assess landfill gas production, the L0 parameter (methane generation potential) is
usually estimated. This parameter can be measured experimentally for each degradable substrate
through the biochemical methane potential (BMP) assay. BMP is commonly accepted as a good estimate
of the ultimate amount of methane produced under anaerobic conditions [25–27].

Anaerobic biological degradation tests were conducted for each sample for a duration of 90 days
in order to measure both the final biogas production (data not shown) [28] and the final methane
production. The method of Pecorini et al. [29] which partly modifies the guidelines presented by
Angelidaki et al. [30], was used to perform the analyses.

Stainless steel batch reactors (1L) were used to perform the tests in triplicate. The reactors were
hermetically sealed with a special cap fitted with a sampling valve. The reactors were kept in a warm
bath at 37 ◦C. To ensure anaerobic conditions since the beginning of the test, the reactors were flushed
with nitrogen. To ensure homogeneous conditions, the reactors were mixed daily [30]. In order to
obtain a substrate concentration of approximately 1 gTVS/ 100 mL solution in each batch, the reactors
were loaded with specific amounts of substrate according to the peculiarities of the samples. To prevent
the accumulation of fatty acids, the ratio between inoculum and sample was set at about 1.5:1 TVS base
and kept below 10:1 according to weight (Pecorini et al. [31]). In order to measure biogas production
daily, the pressure in the reactor headspace was measured for all reactors with the aim of converting it
into volume by applying the law of ideal gases. A manometer (model HD2304.0, Delta Ohm S.r.L.,
Italy) was used for pressure measurements. Please refer to Pecorini et al. [32] for further details on
calculations and procedures. The methane content in the biogas was measured with both an infrared
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gas analyzer (ECOPROBE 5, RS Dynamics, Czech Republic) and a micro-gas chromatograph (INFICON,
Switzerland) in case of residual production [33]. Finally, the BMP was calculated by dividing the total
daily methane production by the specific TS content [31].

2.5. Statistical Analyses

In order to identify linear relationships between the variables of concern, multiple linear regression
was applied [25]. In order to assess the correlations between the study variables, statistical analyses
were carried out.

Pearson matrix was obtained considering experimental findings (type of waste, age, depth,
dimensions, MC, BMPf, BMP_FF, TOC_FF, MC_FF, TVS_FF pH_FF, LHV, LHV_50mm). A confidence
level of 95% was selected for all statistical comparisons. In addition, using the same variables of the
correlation matrix, a principal component analysis (PCA) was performed.

In order to analyze the relationships between observed variables and to extract a small number of
latent factors, PCA is often used in the environmental field [34]. In this study PCA was applied with
the objective of investigating in depth the studied parameters in relation to the application regarding
WtE and/or WtM approach, although more commonly it is used to recognize sources of pollution [35].
All data analysis calculations were performed using the XLStat2018 software package, while the PCA
was performed using IBM SPSS (Armonk, US).

3. Results and Discussion

3.1. Composition of the Waste Material

3.1.1. Relation between Composition and Type of Waste Material

Figure 2 shows an overview of the composition of the excavated waste. The main weight fraction
was fine materials (34% ± 19% w/w), followed by plastic (25% ± 10% w/w). The presence of metals
(0.8% ± 0.7% w/w) was the lowest in both types of waste, while the percentages of wood (3% ± 1% w/w)
and inert (7% ± 4% w/w) were almost constant in all samples. The average values for each class and
type are reported in Table 2. There were significant differences between the compositions of MSW and
IW (as sorted MSW refuse from MBT plant): in fact, the amount of FF measured in IW (44 ± 6% w/w)
was greater than that of MSW (17 ± 4% w/w). A visual check of FF can confirm the results of other
studies [7,11] that show that the fine fraction in MSW is composed of the fraction of degraded kitchen
and garden waste. The major presence of FF in IW is probably due both to sieving in MBT plant and
stabilized compost used as daily cover. In general, the amount of FF detected was comparable to that
reported in previous studies in terms of order of magnitude [3,7,9]. Quaghebeur et al. [7] measured an
average of 64% by mass of FF (<10 mm) for IW and 44% for MSW from different modules in a landfill
in Belgium.

Figure 2. Compositional analyses of excavated waste referring age, type and depth of waste.



Sustainability 2020, 12, 1780 8 of 20

Table 2. Composition in weigh (w/w) of waste per each sample category (age, depth, type).

Age
(Years)

Depth
(From Top Line)

Type of
Waste

Compositional Analyses (w/w) Dimensions (w/w)

Paper and
Cardboard Textiles Plastic Metals Wood Inerts Organic and

FF (< 10 mm)
> 10 mm
< 50 mm > 50 mm

23 0.21 ± 0.06 0.06 ± 0.02 0.35 ± 0.1 0.01 ± 0.01 0.04 ± 0.01 0.04 ± 0.05 0.17 ± 0.18 0.5 ± 0.12 0.27 ± 0.09

12 0.14 ± 0.05 0.04 ± 0.02 0.24 ± 0.07 0.01 ± 0 0.02 ± 0.01 0.07 ± 0.04 0.39 ± 0.17 0.3 ± 0.13 0.22 ± 0.06

7 0.15 ± 0.07 0.04 ± 0.02 0.17 ± 0.08 0.01 ± 0 0.03 ± 0.01 0.09 ± 0.03 0.42 ± 0.13 0.31 ± 0.13 0.18 ± 0.05

2 0.14 ± 0.04 0.04 ± 0.01 0.2 ± 0.09 0 ± 0.01 0.03 ± 0.01 0.06 ± 0.05 0.45 ± 0.12 0.35 ± 0.11 0.16 ± 0.06

10 0.15 ± 0.06 0.04 ± 0.02 0.22 ± 0.14 0.01 ± 0.01 0.03 ± 0.01 0.07 ± 0.04 0.4 ± 0.22 0.35 ± 0.13 0.18 ± 0.14

20 0.16 ± 0.14 0.05 ± 0.04 0.26 ± 0.14 0.01 ± 0.01 0.03 ± 0.02 0.07 ± 0.02 0.32 ± 0.26 0.36 ± 0.3 0.24 ± 0.12

30 0.16 ± 0.07 0.05 ± 0.02 0.24 ± 0.11 0.01 ± 0.01 0.03 ± 0.01 0.03 ± 0.05 0.19 ± 0.2 0.38 ± 0.15 0.19 ± 0.12

MSW 0.17 ± 0.05 0.05 ± 0.02 0.28 ± 0.07 0.01 ± 0 0.03 ± 0.01 0.06 ± 0.04 0.3 ± 0.15 0.4 ± 0.12 0.23 ± 0.06

IW 0.16 ± 0 0.05 ± 0 0.22 ± 0 0.01 ± 0 0.03 ± 0 0.07 ± 0 0.38 ± 0 0.34 ± 0 0.21 ± 0
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The amounts of textiles, paper and plastic were higher in MSWs than in IWs. This could be
mostly due to the increase in the separate collections of plastics and paper during the period 2000–2015.
The composition of the shredder-like IW was therefore different from the MSW examined [18,19].
Observing Figure 2, the classification by waste type overlaps the classification by age or storage time.
In fact, the unsorted MSW were disposed in site A between 1985 and 2003 while the IW from MBT
plant was disposed in site B from 2001 up to 2015.

3.1.2. Influence of Landfill Storage Time and Waste Composition

The presented data, derived from the available information on waste composition, show that the
waste was stored in a landfill for a period of 30 years.

Even if significant standard deviations of the average content of the individual fractions were
detected, trends can be observed as a function of time. These trends may be due to the decomposition
of the waste or the initial composition of the same (for example different operation conditions of
the collection systems or differences in consumerism). Given the standard deviations, it is necessary
to compare this trend with independent data. In Tuscany region, data on the composition of fresh
MSW was gathered in 1998 (by Regional Law of Tuscany n. 25/98). In the Tuscan study, the average
composition of MSW collected was typically based on 35% of organic fraction, 20% of paper and FF
(<20 mm), 15% plastic, 3% metals, 2% textiles [36]. For the FF content, the gap between 13% and
21% (w/w) of landfilled waste in 1980 and 2000 can likely be attributed to biodegradation of organic
material. The increase in the percentage of paper (from 19% to 26% (w/w)) is not comparable to that pf
FF, possibly because the low MC did not allow an efficient degradation of the paper. The amount of
paper decreased from 17% to 16% (w/w) for IW from MSW initially landfilled between 2000 and 2015.
The plastic content in MSW decreased from 45% (w/w) in 1980 to 32% in 2000, due to the increase of
other fractions such as biodegradable ones. Additionally, inert (glasses) textile and metal seem to have
had the same influence. The amount of plastic in IWs decreases from 25% in 2000 to 17% in 2015. This
figures probably reflect an increase in MBT use and separate collection of plastics. The paper does not
seem to degrade well, as it does not decrease with the increase in storage time as it could be expected:
this could be due to the humidity content which was too low to activate the degradation processes.
The mass fractions of wood and textiles obtained during this study were comparable to those reported
by other authors [7,11,12]. The above considerations are confirmed by other studies [7,11] which show
differences between IW and MSW similar to those highlighted in this paper.

3.1.3. Relation between Waste Compositions and Sample Depths

A less investigated and interesting parameter is the relation between storage time and composition
of the excavated waste. This work shows how most of the investigated fractions (paper, aggregates and
metals) are comparable to the quantities originally present in the landfilled waste (Table 2). Historical
product analyses are therefore a useful source of information to estimate the composition of the
excavated waste if its age is known. Organic waste (such as kitchen or garden waste) was no longer
recognizable after 15 years, as part of the material degraded and turned into FF (fine-soil-like fraction).
Although less than the organic fraction, paper also seemed to degrade over time. The composition of
the waste changed according to the initial disposal time (1980–2000): in general, the plastic content
can influence the energy content of any fuel derived from excavated waste. The proportion of FF
decreased towards the bottom of the landfill (40% at 10 m, 32% at 20 m and 24% at 30 m), indicating
their degradation (Figure 3). This type of material seemed to have a high-water holding capacity, thus
decreasing the TS of the landfill. This is also reflected in the dimensional fractions studied since a
reduction of the FF at low profiles was observed. This fact is interesting in view of a possible mechanical
selection according to the dimensional criterion.
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Figure 3. Average composition of excavated waste that had been stored in the studied landfill for
30 years (at different ages: 23, 12, 7 and 2 years and different depth: 10, 20 and 30 m). For each weight
percentage a standard deviation is indicated by an error bar.

3.2. Degradation and Changes in TS, BMP and LHV

The average TS (and MC calculated), average BMP and average LHV of the waste excavated in the
11 locations were obtained from the corresponding values measured for the respective material fractions
(FF, paper, plastic, wood, metal, textile, inert). For paper, plastic, wood, textile and FF, measured LHV
and BMP were used. For inerts and metals, both BMP and LHV were considered negligible.

The TS and moisture of the landfill body samples were studied to evaluate the conditions within
the landfills (Table 3). The TS of individual samples ranged from 49% to 74%, while mean TS content
was 64%. Mean TS decreased (from top down) from 42% to 31%. The moisture of MSW was higher
than IW; in fact, the moisture increased with the storage time. This can probably be explained by the
changes in EU Landfill Directive application and impermeability of the capping.

The BMPf ranged from 17 to 127 NlCH4/KgTS (mean 52.2±28.7 NlCH4/kgTS) and the BMPf was
lowest in the bottom layer, while wide variation and the highest values were found in the upper layers,
as found also by other authors [11].
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Table 3. Average characteristics of whole excavated samples.

Age Depth
(From Top Line)

Type of
Waste

All Fraction

TS (w/w) Moisture
(w/w)

BMPf
(NLCH4/kgTS)

LHV
(MJ/kg) Cl (%) SRF

Classification

23 0.61± 0.06 0.39± 0.06 31.94 ± 36.91 19.28 ± 3.77 0.009 ± 0.002 SRFIII

12 0.62± 0.06 0.38± 0.06 64.61 ± 21.51 14.18 ± 2.74 0.007 ± 0.001

7 0.68± 0.03 0.32± 0.03 64.19 ± 12.73 12.61 ± 2.7 0.006 ± 0.001

2 0.67± 0.02 0.33± 0.02 50.44 ± 29.66 13.33 ± 2.88 0.007 ± 0.002

10 0.68± 0.07 0.32± 0.07 70.19 ± 21.38 13.95 ± 4.96 0.007 ± 0.002

20 0.61± 0.26 0.39 ± 0.2 43.34 ± 16.37 15.68 ± 8.73 0.008 ± 0.004 SRFIII

30 0.46± 0.06 0.34± 0.06 22.07 ± 33.42 14.15 ± 4.3 0.007 ± 0.002

MSW 0.62± 0.05 0.38± 0.05 43.55 ± 19.01 16.41 ± 2.6 0.008 ± 0.001 SRFIII

IW 0.65 ± 0 0.35 ± 0 61.01 ± 0 14.1 ± 0 0.007 ± 0

As shown in Figure 4, the BMP value and the TS in MSW decreased respectively from 50.4 to
30.5 NlCH4/KgTS and 68% to 61% (w/w) with increased storage time in the landfill. The decomposition
of the carbon-rich material probably led to the observed decrease. This can probably be put down to
the minor content of moisture (36%±6% w/w) which eventually slowed or stopped the degradation
processes of organic matter.

Figure 4. Average moisture, biochemical methane potential (BMPf) and lower heating value (LHV) of
whole samples at different age, type and depth. For each measure a standard deviation is indicated by
an error bar.

The wood, textile, paper and plastic fractions were used to recreate composite fractions (calorific
fraction) in order to define the fuel characteristics of the different wastes. The LHV of individual
samples ranged from 9.3 to 24.4 MJ/kg, while the mean value was 15 MJ/kg. The LHV decreased from
16.8 to 12.9 MJ/kg for MSW to IW. For all samples, the Hg were detected below 0.008 mg/MJ while the
mean Cl content was 0.76%. Since separate collection was established after the year 2000, the older
part of the landfill could have a higher Cl content in the caloric fractions, as it is usually observed.

3.3. Characterization of Fraction <10 mm

The fraction of material passing through a 10 mm screen was the largest fraction present in
both MSW and IW. It has been chosen to analyze the FF in detail because it was a heterogeneous
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material. For this reason, Table 4 shows the properties of the FF relevant for both energy recovery and
material valorization.

The MC of FF seems to be the same in all the samples. TOC and BMP_FF values decrease when the
moisture increases, this probably being due to the activity of bacteria responsible for the degradation
process, which were inhibited by the lack of moisture.

It can be observed that TVS decreases with the depth of the waste: this is probably due to the
increase in degradative activities in the lower layers.

The TOC content detected for IW seems as being comparable with that reported by Quaghebeur
et al. [7] for the FF. It can also be observed that the TOC content for IW was higher than that of the
samples identified as MSW. It is observed that LHV and TOC for soil like IW appear to be lower than
the FF of MSW (Figure 5). It can be noted that the TOC concentration (10%–15% w/w) decreases with
increasing storage time of MSW. It can be assumed that a significant amount of organic carbon of this
FF has been converted and recovered from landfill gas during the storage period.

Figure 5. Comparison of moisture content (MC), BMPf, total organic carbon (TOC) and LHV variations
in relation to landfill depth, age and type of waste. The error bars indicate the 95th percentiles.
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Table 4. Average characteristics of fractions <10 mm and >50 mm.

Age Depth
(From Top Line)

Type of
Waste

Fraction < 10 mm Fraction > 50 mm

TS
(% w/w)

Moisture
(% w/w)

TVS
(% w/w)

TOC
(% w/w) pH BMPf

(NLCH4/kgTS)
LHV

(MJ/kg) Cl (%) SRF
Classification

23 0.6 ± 0.06 0.4 ± 0.06 0.13 ± 0.07 0.11 ± 0.06 8.57 ± 0.62 16.63 ± 36.31 20.8 ± 4.42 0.01 ± 0.003 SRF II

12 0.66 ± 0.05 0.34 ± 0.05 0.18 ± 0.05 0.15 ± 0.07 7.46 ± 0.51 49.05 ± 28.96 19.05 ± 2.27 0.01 ± 0.002 SRF III

7 0.67 ± 0.02 0.33 ± 0.09 0.19 ± 0.03 0.18 ± 0.04 7.47 ± 0.2 43.27 ± 15.85 16.01 ± 3.67 0.007 ± 0.002 SRF III

2 0.67 ± 0.02 0.28 ± 0.06 0.2 ± 0.05 0.16 ± 0.06 7.14 ± 0.74 36.7 ± 29.59 17.32 ± 3.48 0.008 ± 0.002 SRF III

10 0.66 ± 0.07 0.32 ± 0.07 0.2 ± 0.06 0.18 ± 0.05 7.58 ± 0.75 54.8 ± 22.24 17.78 ± 3.95 0.008 ± 0.003 SRF III

20 0.66 ± 0.28 0.34 ± 0.22 0.16 ± 0.06 0.12 ± 0.07 7.81 ± 3.68 24.18 ± 17.09 18.27 ± 9.87 0.009 ± 0.006 SRF III

30 0.46 ± 0.08 0.34 ± 0.08 0.09 ± 0.06 0.09 ± 0.06 6.46 ± 0.78 12.6 ± 32.98 17.53 ± 3.6 0.009 ± 0.002 SRF III

MSW 0.63 ± 0.04 0.37 ± 0.07 0.15 ± 0.04 0.11 ± 0.06 8.16 ± 0.43 28.65 ± 23.69 19.57 ± 2.79 0.01 ± 0.002 SRF III

IW 0.66 ± 0 0.32 ± 0 0.19 ± 0 0.18 ± 0 7.34 ± 0 43.03 ± 0 17.68 ± 0 0.008 ± 0 SRF III
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This decomposition led to the production of landfill gas consisting of carbon dioxide, methane
and other trace compounds. The generation of landfill gas, and thus methane, is mainly influenced by
temperature, MC, nutrients and presence of buffering agents. As a consequence of these site-specific
conditions, degradation varied greatly among different landfills and landfill modules. As studied by
Quaghebeur et al. [7], the mean degradation could be fairly well described by a first-order decay curve
that for the case under study could have the following form (Figure 5):

C(t) = C0e−kt; R2 = 0.82, C0 = 20%; k = 0.024 year−1

The concentration of TOC in MSW at the initial time of disposal is represented by the factor “C0”,
while the kinetics with which the degradation of the organic substance occurred, is defined by the
factor “k”, defined as the first order constant rate. The first order rate constant value calculated in this
study can be compared with the k-values defined in the landfill gas production models. Although
several models are available, the first order models are the most used ones, with k values in the range
0.02 year−1 to 0.10 year−1 [7,11,16,37]

The pH was detected in the range suitable for developing methanogenesis (6.6–9.2) although
the range of optimal methanogenesis was slightly narrower (6.8–7.4). Probably in the upper layers
the lowest pH is due to the accumulation of fatty acids that the few populations present could not
consistently assimilate to the high production rate in fresh waste [11]. In order to produce landfill
gas, the waste would have to be wet, while in the case in evidence it was quite dry (TS = 69% in top
layer and 58% in bottom layer, with the optimal values, below 50%–45%, found only in 15-year-old
samples) [16].

In order to define when a waste treated in MBT is actually stabilized, a German ordinance (called
AbfAblV of 2001) [38] requires the potential biogas production (GB21) to be lower than 20 Nl / kg TS
for a period of 21 days. Even if the GB21 presents some differences with BMP, a comparison is possible
by assuming that 50% of biogas production would have been carbon dioxide (data no shown). In this
case, only 9 samples out of 28 for FF and only 2 samples for whole samples would have reached the
stabilization threshold (<20 Nl / kg TS). This is an indication that no part of the landfill was stable [39].
The reason why the waste was not significantly degraded was probably the implementation of the
impermeable capping (due to the regulatory requirements of the EU Landfill Directive) that prevented
the formation of leachate (a liquid vector rich in soluble organic matter).

The BMP of the FF (35.8 ± 29.5 NlCH4/kgTS) was higher than that of the intermediate fraction
comprised between 10 and 50 mm (16.4 ± 11.5 NlCH4/kgTS) which could be refilled. Furthermore,
the intermediate fraction was rich in glass and poor in plastic, hence making the energy value negligible
(data not shown). It was therefore chosen, for the sake of brevity, not to present the results related
to this fraction (which weighted 37% and was therefore a minority when compared to the fine and
coarse fractions).

3.4. Characterization of Fraction >50 mm

When observing the studied parameter for coarse fraction (>50mm), it can be noticed that the
LHV is higher than the value measured for the whole samples (Figure 6).

Both the manually sorted fraction >50 mm and the whole sample presented calorific fractions
with the relatively high calorific values of 18.6 and 15.3 MJ/kg respectively. The levels of Cl found
(0.89%–0.76%, w/w) could be an obstacle to the recovery of this waste as fuel, as a probable consequence
of the age of the waste itself. For recovery purposes, it may be convenient to select these excavated
wastes with optical selectors in order to separate Cl-containing fractions such as polyvinyl chloride.
From these results it seems desirable to treat and select the excavated waste [9].
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Figure 6. (a) Comparison of BMPf_FF, and LHV_FF variation depending on landfill depth and waste
age. (b) Relation between average TOC concentration end storage time. (c) Relation between average
LHV and LHV_FF concentrations and storage time.

While different types of industrial waste were delivered to the landfill in question, sections of the
landfill containing only sludge and shredder type waste were chosen for this investigation. The content
of combustibles in the shredded waste (16 MJ/kg in case of 7 year of storage time) was rather poor
when compared to that of MSW (20.8 MJ/Kg in case of 21 year of storage time). In 2006, the EU changed
the characterization of MSW-derived fuels: the new principles are contained in the UNI CEN/TS
15357–15747 standards, which define the sampling, characterization and analytical methods [40].
Decree 205/2010 in Italy defined the classification for SRF according to three intrinsic characteristics:
LHV, Cl, and mercury content [40]. According to the Decree, only certain types of SRF can have the
status of EoW under specific conditions [41].

In this perspective, the classification as RDF of the excavated waste and of their fraction > 50 mm
is shown in Table 4. According to the measured Hg content which was below 0.008 Mg/MJ for all
samples, all of them were classified in class I. Differently, the Cl content was verified for every sample
as for the LHV. In 60% of the samples, the class of SRF for coarse fraction (> 50 mm) was III, while
for the whole fractions the percentages decreased to 50%, enabling their classification as combustible.
Based on this classification, a detailed mechanical sorting treatment can be convenient in an “EoW”
recovery approach, in order to improve the potential energy recovery.

3.5. Statistical Analysis

Based on Pearson’s correlation criteria, a directly and inversely linear correlation matrix was
obtained between the operational parameters and the main response variables investigated [42].

Through the correlation matrix, the major relationships between the studied parameters and the
type, age and depth of excavated waste could be defined. In Table 5, it can be observed that some
parameters were driven by the age and others by the depth. First, it may be noted that the type of
waste was mainly influenced by its age (r = −0.845). Moisture seemed to be directly related more
to depth (r = 0.654) than to age (r = 0.422). The parameters which were more correlated with age
(and consequently the type) were the granulometry and the LHV (r = 0.612). With regard to FF, the age
correlated with pH (r = 0.742) and TOC (r = −0.485), although the correlated parameters such as BMP
(r = −0.541) and TVS (r = −0.559) also seemed to be driven better by the depth.
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Table 5. Correlation matrix. Values in bold are different from 0 with a significance level alpha = 0.05

Variables Type Age Depth <10 mm >10 mm
<50 mm >50 mm Moisture

(% w/w)
BMPf

(NLCH4/kgTS)
BMPf_FF

(NLCH4/kgTS)
TOC _FF
(% w/w)

Moisture
(% w/w)

TVS_FF
(% w/w) pH_FF LHV

(MJ/kg)

LHV
(MJ/kg)
50 mm

Tipo 1 −0.845 −0.135 0.589 −0.621 −0.358 −0.295 0.481 0.443 0.422 −0.430 0.491 −0.750 −0.661 −0.404
Age −0.845 1 0.152 −0.576 0.420 0.488 0.422 −0.377 −0.378 −0.485 0.473 −0.484 0.742 0.612 0.334
Dept −0.135 0.152 1 −0.296 0.264 0.248 0.654 −0.568 −0.541 −0.489 0.420 −0.559 0.241 0.322 0.337

< 10 mm 0.589 −0.576 −0.296 1 −0.838 −0.772 −0.656 0.293 0.328 0.289 −0.610 0.340 −0.487 −0.929 −0.549
> 10 mm < 50 mm −0.621 0.420 0.264 −0.838 1 0.364 0.485 −0.299 −0.269 −0.169 0.573 −0.291 0.428 0.804 0.511

> 50 mm −0.358 0.488 0.248 −0.772 0.364 1 0.633 −0.199 −0.227 −0.199 0.391 −0.213 0.264 0.800 0.621
MC −0.295 0.422 0.654 −0.656 0.485 0.633 1 −0.425 −0.432 −0.518 0.617 −0.479 0.325 0.693 0.539

BMPf NLCH4/kgTS] 0.481 −0.377 −0.568 0.293 −0.299 −0.199 −0.425 1 0.923 0.734 −0.156 0.831 −0.712 −0.332 −0.213
BMPf FF[NLCH4/kgTS] 0.443 −0.378 −0.541 0.328 −0.269 −0.227 −0.432 0.923 1 0.785 −0.158 0.831 −0.740 −0.315 −0.130

TOC FF 0.422 −0.485 −0.489 0.289 −0.169 −0.199 −0.518 0.734 0.785 1 −0.329 0.708 −0.657 −0.218 0.021
MC FF [% p/p] −0.430 0.473 0.420 −0.610 0.573 0.391 0.617 −0.156 −0.158 −0.329 1 −0.359 0.263 0.584 0.355
TVS FF [% p/ss] 0.491 −0.484 −0.559 0.340 −0.291 −0.213 −0.479 0.831 0.831 0.708 -0.359 1 −0.744 −0.319 −0.132

pH FF −0.750 0.742 0.241 −0.487 0.428 0.264 0.325 −0.712 −0.740 −0.657 0.263 −0.744 1 0.442 0.132
LHV (MJ/kg) −0.661 0.612 0.322 −0.929 0.804 0.800 0.693 −0.332 −0.315 −0.218 0.584 −0.319 0.442 1 0.751

LHV (MJ/kg) >50 mm −0.404 0.334 0.337 −0.549 0.511 0.621 0.539 −0.213 −0.130 0.021 0.355 −0.132 0.132 0.751 1
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Although often used to recognize forms of pollution [34], in this work the PCA was performed in
order to analyze the relationships between the age and the excavation waste depth in relation to the
characteristic parameters measured. In particular, the two principal components extracted accounted
for 74.8% of the total variance. Particular attention was paid to the sampling adequacy of individual
and set variables by Kaiser–Meyer–Olkin measure (> 0.5) and Bartlett’s test of sphericity (< 0.05).
The variables with communality values < 0.5 were discarded. The selection of main components was
regulated by the latent root criterion (eigenvalues > 1.0) and using varimax rotation. The first component
was dominated positively by BMPf_FF, BMPfand TVS_FF (0.950, 0.941 and 0.870 respectively) and
negatively by depth, age and LHV (−0.630, −0.306 and −0.160 respectively). The second component
had a positive loading on LHV, MC_FF, age (0.856, 0.844 and 0.741 respectively) and moderate negative
loading on TOC_FF, TVS_FF, (−0.221 and −0.272 respectively). By comparing the different loadings and
the score plot (Figure 7), it was possible to confirm the relationship among the different concentrations
previously highlighted. The parameters relating to the BMP and the presence of organic matter such
as the TVS (i.e., the parameters indicating the degradation), were clustered in the PCA score plot
and opposite to the LHV, MC_FF and age parameters, the latter seeming strongly influencing the
decomposition of the waste.

Figure 7. PCA score plot. The parameters are represented by points.

4. Conclusions

The methodology used in this study to investigate excavated waste can be used at other sites in a
landfill mining perspective as it was found to be effective. The composition of excavated waste seemed
to be influenced by the collection efficiency of separate collection during the studied thirty years, with
fractions such as paper and plastic appearing as being decreasing.

Based on the biochemical methane potential assays, the waste appeared as being not yet stabilized
in the landfill (with a potential production of 52.2 ± 28.7 NlCH4/kgTS): this was probably due to the
low moisture content of excavated waste (36% ± 6% w/w). Furthermore, excavated waste showed a
high calorific value of 15.2 ± 4.1 MJ/kg, and the amount of combustibles in the industrial shredder type
waste (16 MJ/kg) was rather low compared to that of MSW (20.8 MJ/Kg).

From the results of biochemical methane production of the fine fraction (<10 mm) of about
35.8 ± 29.5 NlCH4/kgTS, it can be concluded that further stabilization treatments would be necessary
before a refill. This would increase the treatment costs in a possible landfill mining project and should
be considered in the design.
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In conclusion, the sampling of excavated waste is significant in order to characterize the landfill
body, although a significant variation of parameters is observed and it is difficult to define a minimum
standard number of tests to be investigated as it depends on the geometry and history of the landfill
under investigation.

Evaluation options were identified in relation to the measured characteristics: in fact, it was
assumed that, during large-scale excavation, a mechanical sorting plant would have to be designed in
order to obtain recoverable flows. For industrial waste, a detailed mechanical sorting can be convenient
in an “end of waste” recovery approach to improve the calorific value.

Future studies on the stabilization of the excavated fine fraction (with high values of biodegradability)
could be carried out in order to ensure eligibility for landfilling (refilling) or material recovery.

Compared to the perspective of an Enhanced Landfill Mining, this study shows how excavated
waste can be used to design energy recovery, while further investigations could be made to better
investigate the recovery of matter.
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