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Abstract

Bad choices in municipal waste (MW) management cause negative effects on sustainability. Evolving regulation has identi-
fied prevention and recycling as the best strategies; nevertheless, disposal in landfilling sites plays an essential role since
a complete zero-waste scenario is not realistic, currently. Nowadays, policies require a preliminary waste stabilization to
decrease the putrescible content. Therefore, mechanical biological treatment (MBT) has replaced the previous crushing,
aimed at simple volume reduction. Literature has proved the effectiveness of MBT when MW collection system is ineffective.
The present paper considered a facility in an area with a high-performance MW collection system. A long-term (1999-2019)
on-site sampling allowed the comparison between two sites of the facility: the old site (before the MBT activation) and the
new area, where the stabilized waste is disposed of. Monitoring of biogas, leachate (analyzed parameters: pH, BODs, COD,
ammonia-nitrogen) and odorous emissions was performed to verify the effect of the stabilization process. The considered
long period and the on-site sampling support the relevance of the results, compared to the available literature, often referred
to as laboratory scale. The results proved the relatively low benefit of stabilization at the considered facility, which cannot
justify the energy consumption of MBT.

Keywords Landfill - Municipal waste - Mechanical biological treatment - Leachate - Biogas - MBT (mechanical biological
treatment)

Introduction

Starting from the industrial revolution, the exponential
human population growth, combined with technological
development, has resulted in a continuously increasing
waste flow. The recent Circular Economy action plan, pub-
lished by the European Commission, reports a prevision of
the annual waste generation increase around 70% by 2050
[1]. The waste problem is due to both the amount and the
modification of the waste type which affect the management
system [2]. This topic represents a priority for the modern
society, since the management choices have multiple effects:
social, environmental, technical and economic [3-5]. The
well-known waste hierarchy identifies prevention as the most
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important strategy. Nevertheless, the necessity to integrate
all the available options by decision-making tools, able to
involve all the stakeholders, is evident [3, 6-9]. Municipal
waste (MW) covers an essential role for the whole waste
management system. Many definitions of MW are used in
each country, often affected by different aspects, mainly
waste origin, materials and collectors [10, 11]. The Direc-
tive 99/31/EC defined MW as waste from households and
other waste with similar composition and nature [12]. Fur-
thermore, EUROSTAT includes similar wastes generated
by small businesses and public institutions, excluding those
from agriculture and industry [13]. The management of
MW is currently one of the most serious and controversial
issues, at local and regional scales, even more in developed
countries [2]. The disposal in landfilling sites represents the
most common strategy of MW management (also in devel-
oped countries), despite the evolving regulations [14-16].
This practice produces significant environmental impacts,
if the disposed waste flow has high putrescible content and
it is managed with low technical and management precau-
tions [14]. Indeed, this fraction acts on the production of
two flows: the leachate (mainly critical for aquifer) and
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greenhouse gases (GHG, which cause global warming).
Leachate production is promoted by rainwater infiltrations,
combined with chemical and physical phenomena, resulting
in inorganic and organic contaminants, with potential effects
for human and environmental health [17, 18]. Furthermore,
the modern facilities include containment systems to prevent
the release of pollutants [18]. GHG include a mixture of
mainly carbon dioxide and methane (in comparable con-
centrations) with traces of H,S, H,, N,O and NH; [19, 20]
The reduction of GHG emissions represents one of the most
important priorities worldwide, currently [21, 22]. The pos-
sibility of a mechanical biological treatment (MBT), before
the final disposal, could be implemented to stabilize the bio-
logically degradable components, with the main advantages
of recovery of recyclable materials, reduction of the vol-
ume of waste to dispose, and reduction of the organic matter
content [20, 23]. More in detail, MBT is a simple practice
able to combine mechanical separation with the biological
stabilization of organic matter by aerobic/anaerobic stabili-
zation and bio-drying [14, 20, 24-30]. The number of MBT
facilities has increased in Europe (about 570 active facilities,
in 2017), mainly in the last two decades to satisfy the legal
obligation to both limit biodegradable waste in landfilling
sites and increase recycling and energy recovery from waste
[24,27, 28, 31, 32]. The Italian scenario identified 131 MBT
in 2018, since this country adopted the European Union
sanitary landfill regulation by Legislative Decrees 36/2003
(implementation of Directive 1999/31/EC) and 205/2010
(transposition of European Directive 2008/98/EC), which
specifies that the disposal of solid waste is possible after
a ‘‘pre-treatment” (not better specified) when the limits of
composition defined by the regulation are not respected
[6, 12, 33-36]. Several papers summarize the benefit of an
MBT implementation (as pre-treatment before landfilling)
[27, 37-40]; nevertheless, some authors highlight the impact
(both environmental and economic) due to MBT opera-
tions. They suggest critically assessing when the treatment
is really advantageous [2, 14, 41, 42]. In this regard, some
studies perform analysis (e.g., with life cycle assessment,
LCA approach) to prove that the improvement of recycling
systems can produce higher positive effect than MBT [28,
43]. The reason is the decrease of organic fraction in the
input flow to MBT facility and the low value of the result-
ing product, often considered a waste to dispose of [42].
In agreement with these conclusions, Trulli et al. (2018)
recommended the pre-treatment for developing regions, with
low separate collection levels.

Starting from the current state of the art, the present paper
considered a landfilling site for MW, located in Central Italy,
where satisfying recycling levels are achieved. The facility,
operating from 1999, includes an MBT from 2018, able to
stabilize MW before the final disposal. The site peculiarities
allowed a deepened study of the landfill behavior before and
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after the MBT introduction, by monitoring biogas emissions,
leachate production, odors, and site settlement. The possibil-
ity of a long-time on-site detection represents a strength of
the present paper.

Materials and methods
The landfilling site

The Corinaldo landfilling site, built in 1974, is one of the
most important sites of the Ancona Province (one of the
regional capitals of Central Italy), placed in a 140,300 m?
area. The facility serves the Ancona Province, for a total
population of 475,000 inhabitants, characterized by a recy-
cling efficiency around 65% (including the main fractions
of paper, plastic, metals, glass and organic, as summarized
in Figure S1). It treats around 68,000 tons of unsorted MW
per year, the value of which decreases following the circular
economy principles. The average composition is reported in
Fig. 1, and the fractions classified as “others” and “under-
screening” do not include relevant percentages of putrescible
materials. More in detail, the first one includes a mix of
different kinds of waste, and the second one is mainly com-
posed of inert material.

In agreement with the European regulation, the disposed
waste is initially stabilized by MBT, in a facility close to the
landfilling site, since 2018. During 2017, the first year of
life of the operative life, the waste was pre-treated at another
MBT facility, comparable to that under study, so 2017 has
been included in the analysis. Thereafter, the waste flow is
tipped and spread daily into the cell horizontally, with lay-
ers not higher than 30 cm, which ensures the highest waste
compaction. Considering the catchment area of the landfill
and the high recycling achievement of the Marche Region,
the MBT facility treats the remaining unsorted waste frac-
tion composed of mixed waste, excluding the waste from
street sweeping [44]. Though 65% is a good recycling level,
the unsorted fraction includes recyclable fractions and end
up in the landfilling site due to incorrect collection by the
regional population. The high mixing level of the flow
makes impossible the hypothesis of further automatic sepa-
ration and recycling before MBT as described in Fig. 2. The
flowchart shows the two main fractions produced at the end
of the stabilization: the overscreening and the under creen-
ing, with a further separation of the metallic residue for the
inert fraction removal. Thereafter, the underscreening frac-
tion is stabilized by biological oxidation and drying for the
decrease of the dynamic respiration index. After 2 weeks
of treatment, both the stabilized product (with a dynamic
respiration index, DRI, lower than 1000 mgOz’*‘kgSV_"“h_l
[45], compared to a starting value that usually exceeds 4000
mg0,*kgSV~!*h~! [14]) and the overscreening fraction are
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Fig.2 Description of MBT of Cordinaldo, process design planning (Power Point)

sent to the landfilling site, similarly to that in the facility
described by Calabro et al. (2011). The water loss shown
in Fig. 2 is estimated as waste weight difference before and
after bio-drying and bio-stabilization. The mass balances in

Fig. 2 refers to the project capacity of the facility; indeed, the
MBT is currently overbuilt considering the decrease of the
unsorted fraction achieved by the most recent recycling strat-
egies. All data discussed in the present paper were supplied
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by ASA S.r.l., the company which currently manages the
landfilling site.

Collection and analysis of samples
Biogas

Data about the biogas production were supplied by the com-
pany which manages the facility. A multigas detector (high-
resolution portable fluxmeter—West System) which uses an
accumulation chamber technique allowed the determination
of gas composition. The system implements a static, not sta-
tionary, technique, which allows the continuous measure-
ment of both carbon dioxide and methane within the cham-
ber. This technique is commonly used in the agrarian field to
measure the CO, flow and the soil respiration rate [46—49].
From the beginning of the 1990s, this technique is widely
used to measure the diffuse emissions in both volcanic areas
[50-52] and landfilling sites (not stationary version) [53].
The chosen method allows to obtain a quick, real-time evalu-
ation of the gas concentration increase, avoiding the use of
the empirical model depending on the soil characteristics
and gas flow regime, which could increase the measurement
error [50]. More in detail, the handy equipment (developed
by the cooperation of the Institute of Geosciences and Geo-
resources of Pisa, University of Perugia e West Systems stl)
is composed of one chamber, two IR detectors, an analog-
to-digital converter, and a handheld computer. Gases are
extracted by a diaphragm pump and sent to a column for
moisture removal. A fan allows to homogenize the gases
within the chamber. Thereafter, the flow is sent to the spec-
trophotometers for gas reading. The sampling activity was
carried out monthly at the suction lines activated on both the
landfilling sites of interest (the old area and the operative
area, Figure S2). The sampling points were referred to theo-
retical mesh knots of the side of 10-20 m, georeferenced by
the global positioning system with a location error between
1 and 2 m.

Leachate

ASA S.rl. supplied data of leachate production. Samples
were collected monthly from the collection tank (one for
each landfilling area). The analyzed parameters (consid-
ered representative of the stabilization degree) included
[54-56]: pH (APAT CNR IRSA 2060 Man 29 2003 [57]),
BOD; (APAT CNR IRSA 5120 B1 Man 29 2003 [58]), COD
(ISO 15705:2002) [59], TOC (UNI EN 1484: 1999 [60]),
and ammonia-nitrogen (N-NH**) (APAT CNR IRSA 4030
C Man 29 2003 [61]), quantified on standard basis, reported
in parentheses.
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Odorous emissions

Odorous emissions were determined in agreement with the
European Standard (EN) EN 13,725:2003, which describes
the method for the determination of odor concentration of a
gaseous sample by dynamic olfactometry with human asses-
sors and the emission rate of odors emanating from point
sources, area sources with outward flow, and area sources
without outward flow [62]. The monthly sampling activ-
ity involved five stations (common for both the old and the
operative landfilling sites).

Results and discussion
Waste flow analysis

The data related to 2019 waste flows, supplied by the
Corinaldo landfilling site manager (Fig. 3), shows fairly
regular input to the MBT facility. Ancona is a sea-
side town and the tourism increase in summer months
explains the highest values recorded in July (around 25%
higher than the MBT input flow in February and 10%
more than the average value of 5700 tons/month). Tour-
ism also affects the efficiency of recycling with the low-
est separated collection of the organic fraction. This is
the reason for the highest effect of MBT in July, when
the increase of the putrescible content is translated into
the greatest gap between input and output. On the other
hand, the data related to January, August and Novem-
ber were affected by the facility maintenance issues. It
is evident that the availability of real-scale information
represents a relevant advantage to assess the effect of
the variables, but inevitably includes variability in pro-
cess operation. Nevertheless, the long period of landfill-
ing site observation ensured the exclusion of effects on
the whole results. Overall, about 70,000 tons/year are
sent to the facility for stabilization, 20% lower than the
process design planning (Fig. 2). The detected output
flows, ready to be sent to the landfilling sites, show an
average value of 5000 tons/month. The leachate result-
ing from the underscreening stabilization (around 10%
of input flow) is sent to the treatment (off-site), clas-
sified by the European Waste Catalogue (EWC) (19 05
99). The details of output composition identify the over-
screening (dry fraction from mechanical pre-treatment)
and the stabilized underscreening (from bio-drying and
bio-stabilization, Fig. 2) as the most relevant fractions,
with a contribution of 60% and 25%, respectively. More
in detail, the stabilized underscreening is classified by
the EWC as 19 05 01 (non-composted fraction of munici-
pal and similar wastes) and 19 05 03 (off-specification
compost). Overall, the treated amount is about the 86%
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Fig.3 Monthly input and output
flows at Corinaldo MBT facility

(reference year: 2019) (Excel)
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of the starting waste, which grows up to 94% consider-
ing the leachate from the stabilizations cell. A further
percentage, lower than 1%, is composed of ferrous metals
to send to recycling. From an economic point of view, a
weight loss of about 6% causes a relevant cost increase
from 79.20 €/ton for the waste management at the land-
filling site to € 113.0 €/ton, which includes both the MBT
and the final disposal. The economic considerations were
based on the real price list of the facilities. Therefore,
the evolution from a simple mechanical pre-treatment to
the most innovative stabilization has caused an economic
cost growth of 30%. Following the APAT guidelines, this
cost increase should allow the removal of pollutants and
undesired materials and the decrease of volume to dis-
pose of (thanks to both the recovery of valuable fractions
and the organic component degradation), emissions (both
biogas and leachate), odors, compaction costs and settle-
ment phenomena [36].

The biogas analysis

The study of the biogas trend was essential to prove the
effect of MBT on waste stabilization. With this aim, a deep-
ened analysis was carried out to compare the biogas produc-
tion in the old area (only mechanical pre-treatment, January
2005-January 2006) with that in the operative section (dis-
posal after a preliminary MBT, January 2019-April 2020).
The availability of huge quantities of information, referred
to different times of landfilling, allowed to exclude the effect
of waste degradation phenomena. The details of the col-
lected data are reported in Table S1. Two factors can affect
the produced biogas amounts: the quantity of the disposed
waste and the age of the landfilling site. To include both

~Input ~-Output

factors in the assessment, two performance indexes were
evaluated as follows:

total extracted biogas (m?)
Index 1 =

ey

total disposed waste quantity (tons)’

: 3
Index 2 — monthly extracted biogas (m”)

landfilling site age (months) @

Each value of Index 1 correlates the whole biogas pro-
duced within the considered period with the disposed waste
amount. On the other hand, Index 2 correlates the monthly
collected biogas with the age of the site.

As reported in Fig. 4a, the two areas showed comparable
increasing trends of Index 1 with the highest slope value in
the old area case. This difference is mainly due to the highest
putrescible content in the old waste, because the separated
collection of organic fractions, on Ancona Province terri-
tory, was started in 2006. The results include a data variabil-
ity connected to the seasonal variation of biogas production,
irrespective of the reference area, since the degradation is
promoted by rains, at not too cold temperature [63, 64].

Figure 4b shows the trend of Index 2 in the old land-
fill (January 2005-January 2006, corresponding to a
site age between 61 and 73 months) and the operative
area (January 2019-April 2020, corresponding to an
age between 22 and 37 months). Overall, the values of
Index 2 are comparable, except for the date recorded in
July 2019 (age: 28 months) of the new landfill. Never-
theless, the old site shows the highest stability with an
Index between 4.0 x 10 and 4.8 x 10° m®month~!. Data
related to the operative landfilling area in April 2020
show a biogas extraction around 2.000.000 di m?, result-
ing from a total disposed of 223.000 tons, at 37 months
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of landfill age (Index 2=5.2 X 10°> m®month™!). The
same biogas quantity results from a total disposed
of 328.000 tons at 67 months of landfill age (Index
2=4.7 x 10°> m*month™!). The results suggest that the
MBT implementation did not produce a drastic effect on
biogas production. The two areas are characterized by
the same management conditions and comparable physi-
cal/environmental peculiarities; therefore, the possible
effect of these factors on the biogas production has been
excluded. 30 samples from each area (1 for each sample
wells), related to one month of 2005 and 2020 for the old
and operative sites, respectively, were collected for the
gas characterization. The high number of measurements
(between 20 and 30) ensures a good interpretation of the
overall gas emissions from landfill [65]. The average
composition of samples of the old site (Fig. 4c) showed
a content of 56% +2 of CH, and almost total absence
of O,. On the other hand, contents of 40% +5 of CH,
and 2% + 1 of O, were detected in the biogas extracted
from the operative site. On the qualitative characteriza-
tion basis, the new biogas has a lower calorific value with
a consequent decrease of energy production around 20%,
compared to the old site. Different hypothesis could be
linked to variation of biogas composition: the reduction
of organic fraction composition (for the improvement of
the waste collection system in Ancona Province) and the
effect of MBT. This aspect represents a criticality, since
the possibility of biogas exploitation for energy recovery
could make the landfilling more sustainable than MBT,
as proved by literature [66—68]. Indeed, considering the
MBT energy request and the resulting emissions, relevant
environmental loads are estimated, mainly in the catego-
ries of global warming potential and ozone layer deple-
tion [66].

Fig. 5 Rainfall and leachate 50%
production: (a) assessment o
of the water conversion into 45%
lfzachate, comparison with the 40%
literature (Excel)
35%
€ 30%
g
= 0
§ 25% 22%
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The leachate analysis

Leachate production is the second factor chosen to compare
the two management scenarios (only waste grinding before
the disposal vs MBT for the preliminary stabilization).
As confirmed by the literature, there is a close connection
between the leachate production and rainfall, which signifi-
cantly increases the production [38, 69—71]. Figure 5 corre-
lates the annual rainfall with the annual leachate production
at the landfill to confirm the consistency with the literature
data. With this aim, a range between 12.4 and 50.0% of rain-
fall converted into leachate was considered in agreement
with both Linde et al. (1995), which reported 15-50%, and
Baucom and Ruhl (2013), which considered a range between
12.4 and 27.2% [71, 72]. The results, estimated considering
the exposed surface, the rainfall quantities and the produced
leachate, are included within the estimated range in all the
selected years (2005-2018) proving the representativeness
of the assessed data.

Further evaluations focused on the assessment of Index
3 Eq. (3) to quantify the real production at the landfill-
ing site, considering both the disposed waste and the site
age, in agreement with the previous assessment of biogas
production.

collected leachate (m?)

Index 3 = - - —— s
total disposed waste quantity (tons) * landfilling site age (month)

3)
where the collected leachate is the volume produced during
the reference year and the total disposed waste included the
whole quantity in the period of interest. Two annual ranges
were chosen to compare the two areas: 1999-2002 for the
old site (750 mm average rainfall) and 2017-2019 for the
new area (670 mm average rainfall). In both cases, a total
disposed waste quantity of 200,000 tons was selected and the

44%

35%
Literature
— range:
26% 12.4% - 50.0%
23%

20%

22%
19% 19%

200520062007 2008 2009 2010 2011 20122013 2014 20152016 2017 2018
Reference year
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same executive of the two areas ensured the same manage-
ment conditions. Furthermore, considering the comparable
quantity of rainfall in the two periods, this aspect cannot
affect the results. Figure 6 shows comparable results in both
scenarios, with an average value of Index 3 around 0.8. This
result suggests that the implementation of a preliminary
MBT did not significantly reduce the leachate production
in the new landfilling area. The comparable results allow to
exclude the possible effect of moisture content (due to waste
age, pre-treatment, permeability, compaction, particle size
and density) on leachate production [54, 73]. The compara-
ble moisture content of the waste in the two sites is justified
by the water evaporation during the crushing operations of
the waste disposed between 1999 and 2002 and the current
highest separation of the organic fraction in the operative
site. Considering the young age of the operative site in 2017,
the increasing trend of Index 3 from 2017 and 2018 is justi-
fied by the activation time, necessary to stabilize the condi-
tions for leachate production (e.g., temperature).

The additional leachate characterization is an essential
step to study the landfill behavior, as explained in Table S2.
Indeed, biodegradation processes are carried out by three
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Reference year

groups of bacteria: hydrolytic and fermentative bacteria (pol-
ymer hydrolyzation and fermentation of monosaccharides to
carboxylic acids and alcohols), acetogenic bacteria (conver-
sion of carboxylic acids and alcohols to acetate, hydrogen,
and carbon dioxide), and methanogens (conversion of end
products to methane and carbon dioxide). Variation of pH
value is linked to the specific biodegradation phase; the neu-
tral pH decreases for the carboxylic acids accumulation and
increases for their consumption during the methanogenic
phase (range: 7.5-9 [74]). In addition to pH, BOD/COD is
a parameter representative of the landfill state, since a high
ratio indicates the presence of biodegradable compounds
still present in the leachate [15, 75, 76]. This ratio decreases
during the biodegradation phase, with values around 0.6
which are reduced up to 0.1 in the methanogenic phase [17,
76-78]. The trend of both pH and BOD/COD was analyzed
during the 3-year periods 2004-2006 for the old site and
2017-2019 for the new site. The choice was due to an ana-
lytical issue, since the sample collection and analysis were
carried out by the same certified laboratory. The results in
Fig. 7a prove the achievement of methanogenic phase, with
stationary pH (around 8.5) and BOD/COD values (between
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0.05 and 0.2) in both the sites of interest [74]. The period
between March and May marks the transition from acetic to
methanogenic phases (BOD/COD > 0.4) [74]. The identifica-
tion of methanogenic phase is further supported by the TOC
results, lower than the limit of 4500 mg/L, in spite of the
data variability (Fig. 7b). Overall, the characterization shows
comparable results, without relevant advantage in the case
of stabilized waste. Figure 7b shows a significant difference
of N-NH** concentration in the leachate from the two areas.
This aspect could be connected to the landfill age (around
90 months of the old site vs 36 months of the operative
one), since ammonia often represents a long-term pollutant

in leachate [17]. For this reason, a longer observation of
the operative site would be necessary to make conclusions
about this aspect.

Odorous emissions

The decrease of odorous emissions from landfilling site is
included in the list of APAT guideline targets [36]; there-
fore, the inclusion of this aspect in the present study was
considered important. With this aim, five sampling sta-
tions were chosen to compare the landfilling site impact,
before and after the MBT implementation. The time
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periods selected for the sampling activities were March
2008—March 2009 and April 2017-December 2019. This
choice ensured the same sampling stations. Data collected
between 2009 and 2016 were not taken into account for the
entry into operation of a composting facility close to the
landfilling site that could negatively affect odor detection.
The same facility was converted into the MBT, currently
operating, in 2017. Results in Table 1 report the average
values detected at each sampling station during the refer-
ence period, without relevant improvement after the sta-
bilization start-up. On the other hand, the odors measured
between 2004 and 2006 (when the separated collection
of organic fraction was not activated) showed an average
value of 48 + 10, suggesting the significant effect of the
high-efficiency collection system.

Soil settling assessment

The waste settlement can be described by three steps, simi-
larly to the soil phenomena. The first phase is the immedi-
ate waste settlement due to the gas and particle expulsion
or compression. The second stage, named consolidation
stage, is time dependent and due to the dissipation of pore
pressure excess. The third step is connected to the biodeg-
radation processes [79]. While it is an interesting aspect
to analyze, the assessment of MBT effect on soil settling
phenomena is complicated in the present experimentation,
since it is mainly affected by the method used for waste
disposal at the landfilling site. In this regard, the increase
of compactor capacity from 35 tons of the old area to 57
tons of that used in the operative one is translated into an
increase of compaction level around 35%. This technical
improvement allowed an economic advantage for the com-
pany around 20%, compared to the old practices (consider-
ing the machinery rent). Waste grinding level is another
essential variable of the soil settling effects, as confirmed
by the literature [79]. Considering these aspects, the com-
parison between the two sites was not reliable, since the

Table1 Odor emissions at five sampling stations before and after
MBT

Sampling station

S1 S2 S3 S4 S5

Old landfilling site
Average value (o.u./m%) 23 23 24 22 21
St. dev 6 11 9 9 15
New landfilling site (MBT)
Average value (0o.u./m%) 29 28 28 33 25
St. dev 9 9 8 31 7

@ Springer

new landfill area uses higher-performance equipment for
both the compactor and grinding operations.

Discussion and conclusions

Waste management is a debated critical topic, since it is
affected by several variables, including the waste com-
position and the local peculiarity. Wrong choices can be
translated into negative effect for all the spheres: envi-
ronmental, economic, and social. Therefore, the exten-
sive large-scale scientific research is necessary to support
the decisions of the stakeholders involved. Many studies
were carried out in regions with critical waste manage-
ment situation, proving the relevance of MBT [2, 14, 24,
80]. Nevertheless, the present paper proved the relatively
low benefit achieved by an MBT implementation in an
area with satisfactory collection and recycling levels. In
this regard, literature has already proved the key role of
the preliminary management steps for the creation of a
sustainable system, able to avoid MBT use [25, 43].

As explained in the present work, the use of an MBT
as preliminary treatment, before the disposal, produced
low performance, without decrease of emissions (leachate,
biogas, odors), in an area where the organic content (mainly
from food and green) in the residual waste fraction does
not exceed the 30%. Furthermore, it should consider that
this value will reduce with the growing strategies of cir-
cular economy and the increase of people awareness of
the subject of organic fraction collection. The only differ-
ence detected by the showed analysis was a change in the
biogas composition. This aspect, partially attributable to the
improvement of organic fraction collection in Italy (from
40 kg/(inhabitant*year) of 2004 to 120 kg/(inhabitant*year)
of 2020 [81, 82]), represents a weakness of the waste man-
agement chain, because the possibility of biogas exploita-
tion partially balances the environmental burdens of landfill.
The energetic aspect is further aggravated by the energetic
demand of stabilization facility with the consequent growth
of the waste management costs, as proved by the present
analysis. Many authors quantified the negative environmen-
tal impacts due to electricity demand of MBT in several
impact categories, at the expense of the final low process
efficiency [2, 28, 66]. Some consideration should be done
about the possibility to give value to the stabilized prod-
uct, as an alternative to the current disposal [8, 83]. In this
regard, literature reports the possible energetic enhancement
of this flow [3, 58, 84]. The results showed in the present
paper analyze many aspects of the life of landfilling site,
considering different periods of time and waste management
systems (with or without a high-performance collection and
recycling system). Additional studies should be performed at
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the end of the life of the second area, to assess the possible
differences in the behavior of the two sites.

Considering the achieved results, the present work aims
to provide a support for the development of new policies
focused on the improvement of waste collection strategies,
able to produce high-quality separated fractions, both from
qualitative and quantitative point of views (e.g., door-to-
door collection). Further actions should be addressed at
the improvement of downstream management.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10163-022-01501-x.

Funding Open access funding provided by Universita Politecnica
delle Marche within the CRUI-CARE Agreement. This research did
not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. European Commission (2020) Changing how we produce and
consume: New Circular Economy Action Plan shows the way to
a climate-neutral, competitive economy of empowered, 11-12.
https://ec.europa.eu/environment/circular-economy/pdf/new_circu
lar_economy_action_plan_annex.pdf.

2. Ripa M, Fiorentino G, Vacca V, Ulgiati S (2017) The relevance
of site-specific data in Life cycle assessment (LCA). The case of
the municipal solid waste management in the metropolitan city
of Naples (Italy). J Clean Prod 142:445-460. https://doi.org/10.
1016/j.jclepro.2016.09.149

3. Hornsby C, Ripa M, Vassillo C, Ulgiati S (2017) A roadmap
towards integrated assessment and participatory strategies in sup-
port of decision-making processes. The case of urban waste man-
agement. J Clean Prod 142:157-172. https://doi.org/10.1016/j.
jelepro.2016.06.189

4. Vaccari M, Torretta V, Collivignarelli C (2012) Effect of improv-
ing environmental sustainability in developing countries by
upgrading solid waste management techniques: a case study.
Sustainability 4:2852-2861. https://doi.org/10.3390/su4112852

5. Ranieri E, Ionescu G, Fedele A, Palmieri E, Ranieri AC, Cam-
panaro V (2017) Sampling, characterisation and processing of
solid recovered fuel production from municipal solid waste: an
Italian plant case study. Waste Manag Res 35:890-898. https://
doi.org/10.1177/0734242X17716276

6. European Commission (2008) Directive 2008/98/EC of the Euro-
pean Parliament and of the Counciul of 19 November 2008 on the
waste and the repealing certain Directives. https://eur-lex.europa.

10.

11.

12.

14.

15.

16.

17.

20.

21.

22.

23.

eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0098 &
from=EN. Accessed Jan 22 2019

Gharfalkar M, Court R, Campbell C, Ali Z, Hillier G (2015) Anal-
ysis of waste hierarchy in the European waste directive 2008/98/
EC. Waste Manag 39:305-313. https://doi.org/10.1016/j.wasman.
2015.02.007

Di Lonardo MC, Lombardi F, Gavasci R (2012) Characterization
of MBT plants input and outputs: a review. Rev Environ Sci Bio-
technol 11:353-363. https://doi.org/10.1007/s11157-012-9299-2
Cucchiella F, D’Adamo I, Gastaldi M (2014) Strategic municipal
solid waste management: a quantitative model for Italian regions.
Energy Convers Manag 77:709-720. https://doi.org/10.1016/j.
enconman.2013.10.024

European Commission (2017) Guidance on municipal waste data
collection, Eurostat Dir. E Sect. Reg. Stat. (2017) 1-18. https://
ec.europa.eu/eurostat/documents/342366/351811/Municipal+
Waste+guidance/bd38a449-7d30-44b6-a39f-8a20a9e67af2.
European Environment Agency (2013) Managing municipal solid
waste—a review of achievements in 32 European countries—man-
aging_municipal_solid_waste_2013.pdf. Doi: https://doi.org/10.
2800/71424.

European Commission (1999) Council Directive 1999/31/EC on
the landfill, Off. J. Eur. Communities. L182/1-19. Doi: https://doi.
org/10.1039/ap9842100196.

. Eurostat (2015) Each person in the EU generated 481 kg of munic-

ipal waste in 2013, 54-56. http://ec.europa.eu/eurostat/documents/
2995521/6757479/8-26032015-AP-EN.pdf/a2982b86-9d56-401c-
8443-ec5b08e543cc.

Trulli E, Ferronato N, Torretta V, Piscitelli M, Masi S, Mancini
1 (2018) Sustainable mechanical biological treatment of solid
waste in urbanized areas with low recycling rates. Waste Manag
71:556-564. https://doi.org/10.1016/j.wasman.2017.10.018
Cossu R, Morello L, Raga R, Cerminara G (2016) Biogas pro-
duction enhancement using semi-aerobic pre-aeration in a hybrid
bioreactor landfill. Waste Manag 55:83-92. https://doi.org/10.
1016/j.wasman.2015.10.025

Calabro PS, Orsi S, Gentili E, Carlo M (2011) Modelling of
biogas extraction at an Italian landfill accepting mechanically
and biologically treated municipal solid waste. Waste Manag Res
29:1277-1285. https://doi.org/10.1177/0734242X 11417487
Kjeldsen P, Barlaz MA, Rooker AP, Baun A, Ledin A, Christensen
TH (2002) Present and long-term composition of MSW landfill
leachate: a review. Crit Rev Environ Sci Technol 32:297-336.
https://doi.org/10.1080/10643380290813462

. Bolyard SC, Reinhart DR (2016) Application of landfill treat-

ment approaches for stabilization of municipal solid waste. Waste
Manag 55:22-30. https://doi.org/10.1016/j.wasman.2016.01.024

. Desideri U, Di Maria F, Leonardi D, Proietti S (2003) Sanitary

landfill energetic potential analysis: a real case study. Energy
Convers Manag 44:1969-1981. https://doi.org/10.1016/S0196-
8904(02)00224-8

Di Maria F, Sordi A, Micale C (2013) Experimental and life cycle
assessment analysis of gas emission from mechanically-biologi-
cally pretreated waste in a landfill with energy recovery. Waste
Manag 33:2557-2567. https://doi.org/10.1016/j.wasman.2013.07.
011

Commission E (2019) The European green deal. Eur Comm
53:24. https://doi.org/10.1017/CBO9781107415324.004

Di Bella G, Di Trapani D, Viviani G (2011) Evaluation of methane
emissions from Palermo municipal landfill: Comparison between
field measurements and models. Waste Manag 31:1820-1826.
https://doi.org/10.1016/j.wasman.2011.03.013

European Commission (2018) Best available techniques (BAT)
reference document for waste treatment. https://eippcb.jrc.ec.
europa.eu/sites/default/files/2019-11/JRC113018_WT_Bref.pdf.
Accessed 19 Sept 2022

@ Springer


https://doi.org/10.1007/s10163-022-01501-x
http://creativecommons.org/licenses/by/4.0/
https://ec.europa.eu/environment/circular-economy/pdf/new_circular_economy_action_plan_annex.pdf
https://ec.europa.eu/environment/circular-economy/pdf/new_circular_economy_action_plan_annex.pdf
https://doi.org/10.1016/j.jclepro.2016.09.149
https://doi.org/10.1016/j.jclepro.2016.09.149
https://doi.org/10.1016/j.jclepro.2016.06.189
https://doi.org/10.1016/j.jclepro.2016.06.189
https://doi.org/10.3390/su4112852
https://doi.org/10.1177/0734242X17716276
https://doi.org/10.1177/0734242X17716276
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0098&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0098&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0098&from=EN
https://doi.org/10.1016/j.wasman.2015.02.007
https://doi.org/10.1016/j.wasman.2015.02.007
https://doi.org/10.1007/s11157-012-9299-2
https://doi.org/10.1016/j.enconman.2013.10.024
https://doi.org/10.1016/j.enconman.2013.10.024
https://ec.europa.eu/eurostat/documents/342366/351811/Municipal+Waste+guidance/bd38a449-7d30-44b6-a39f-8a20a9e67af2
https://ec.europa.eu/eurostat/documents/342366/351811/Municipal+Waste+guidance/bd38a449-7d30-44b6-a39f-8a20a9e67af2
https://ec.europa.eu/eurostat/documents/342366/351811/Municipal+Waste+guidance/bd38a449-7d30-44b6-a39f-8a20a9e67af2
https://doi.org/10.2800/71424
https://doi.org/10.2800/71424
https://doi.org/10.1039/ap9842100196
https://doi.org/10.1039/ap9842100196
http://ec.europa.eu/eurostat/documents/2995521/6757479/8-26032015-AP-EN.pdf/a2982b86-9d56-401c-8443-ec5b08e543cc
http://ec.europa.eu/eurostat/documents/2995521/6757479/8-26032015-AP-EN.pdf/a2982b86-9d56-401c-8443-ec5b08e543cc
http://ec.europa.eu/eurostat/documents/2995521/6757479/8-26032015-AP-EN.pdf/a2982b86-9d56-401c-8443-ec5b08e543cc
https://doi.org/10.1016/j.wasman.2017.10.018
https://doi.org/10.1016/j.wasman.2015.10.025
https://doi.org/10.1016/j.wasman.2015.10.025
https://doi.org/10.1177/0734242X11417487
https://doi.org/10.1080/10643380290813462
https://doi.org/10.1016/j.wasman.2016.01.024
https://doi.org/10.1016/S0196-8904(02)00224-8
https://doi.org/10.1016/S0196-8904(02)00224-8
https://doi.org/10.1016/j.wasman.2013.07.011
https://doi.org/10.1016/j.wasman.2013.07.011
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.wasman.2011.03.013
https://eippcb.jrc.ec.europa.eu/sites/default/files/2019-11/JRC113018_WT_Bref.pdf
https://eippcb.jrc.ec.europa.eu/sites/default/files/2019-11/JRC113018_WT_Bref.pdf

Journal of Material Cycles and Waste Management

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Fei F, Wen Z, Huang S, De Clercq D (2018) Mechanical biological
treatment of municipal solid waste: energy efficiency, environ-
mental impact and economic feasibility analysis. J Clean Prod
178:731-739. https://doi.org/10.1016/j.jclepro.2018.01.060
Cesaro A, Russo L, Farina A, Belgiorno V (2016) Organic frac-
tion of municipal solid waste from mechanical selection : biologi-
cal stabilization and recovery options. Environ Sci Pollut Res Int
23:1565-1575. https://doi.org/10.1007/s11356-015-5345-2

Ng KS, Phan AN, Iacovidou E, Ghani WAWAK (2021) Techno-
economic assessment of a novel integrated system of mechani-
cal-biological treatment and valorisation of residual municipal
solid waste into hydrogen: a case study in the UK. J Clean Prod
298:126707. https://doi.org/10.1016/j.jclepro.2021.126706

Den Boer E, Jedrczak A (2017) Performance of mechanical bio-
logical treatment of residual municipal waste in Poland. In: ES3
web of conferences, vol 22. EDP Sciences, Les Ulis, p 00020. Doi:
https://doi.org/10.1051/e3sconf/20172200020.

Grzesik K, Malinowski M (2017) Life cycle assessment of
mechanical-biological treatment of mixed municipal waste. Envi-
ron Eng Sci 34:207-220. https://doi.org/10.1089/ees.2016.0284
Sutthasil N, Chiemchaisri C, Chiemchaisri W, Ishigaki T, Ochiai
S, Yamada M (2020) Greenhouse gas emission from windrow
pile for mechanical biological treatment of municipal solid wastes
in tropical climate. J] Mater Cycles Waste Manag 22:383-395.
https://doi.org/10.1007/s10163-020-00999-3

De Aradjo MJ, Ducom G, Achour F, Rouez M, Bayard R (2008)
Mass balance to assess the efficiency of a mechanical-biological
treatment. Waste Manag 28:1791-1800. https://doi.org/10.1016/].
wasman.2007.09.002

ecoprog, The Market for Mechanical Biological Waste Treat-
ment in Europe, (2017). https://www.ecoprog.com/publikatio
nen/abfallwirtschaft/mba.htm#:~:text=In early 2017%2C Europe
has,commissioned between 2017 and 2025.

European Commission, Directive (EU) 2018/850 of the European
Parliament and of the Council of 30 May 2018 amending Direc-
tive 1999/31/EC on the landfill of waste, Off. J. Eur. Union. (2018)
100-108. https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?
uri=CELEX:32018L0850&from=EN.

Italian Republic, Decreto Legislativo 3 dicembre 2010, n. 205
“Disposizioni di attuazione della direttiva 2008/98/CE del Parla-
mento europeo e del Consiglio del 19 novembre 2008 relativa ai
rifiuti e che abroga alcune direttive,” 2010. https://www.gazzettauf
ficiale.it/eli/id/2010/12/10/010G0235/sg. Accessed 25 Jul 2022
ISPRA (2019) MBT facilities in Italy. https://www.catasto-rifiu
ti.isprambiente.it/index.php?pg=gestnazione&width=1536&
height=864&advice=si. Accessed 19 Sept 2022

Italian Republic, Decreto Legislativo 36/2003-Attuazione della
direttiva 1999/31/CE relativa alle discariche di rifiuti, 2003.
https://www.gazzettaufficiale.it/eli/id/2003/03/12/003G0053/sg.
Accessed 25 Jul 2022

Apat (2003) Metodi di misura della stabilita biologica dei rifiuti.
https://www.isprambiente.gov.it/contentfiles/00003400/3488-
mlg25-2003-stabilita-biologica.pdf/. Accessed 25 Jul 2022
Lakshmikanthan P, Babu GLS (2017) Performance evaluation of
the bioreactor landfill in treatment and stabilisation of mechani-
cally biologically treated municipal solid waste. Waste Mang Res.
https://doi.org/10.1177/0734242X16681461

Wassermann G, Binner E, Mostbauer P, Salhofer S (2005) Envi-
ronmental relevance of landfills depending on different waste
management strategies. In: Proceedings of Sardinia, tenth inter-
national waste management and landfill symposium

Bockreis A, Steinberg I (2005) Influence of mechanical-biological
waste pre-treatment methods on the gas formation in landfills.
Waste Manag 25:337-343. https://doi.org/10.1016/j.wasman.
2005.02.004

@ Springer

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Leikam K, Stegmann R (1999) Influence of mechanical-biological
pretreatment of municipal solid waste on landfill behaviour. Waste
Manage Res 17:424-429. https://doi.org/10.1177/0734242X99
01700605

Amato A, Gabrielli F, Spinozzi F, Magi Galluzzi L, Balducci S,
Beolchini F (2019) Disaster waste management after flood events.
J Flood Risk Manag. https://doi.org/10.1111/jfr3.12566

Arena U, Di Gregorio F (2014) A waste management planning
based on substance flow analysis. Resour Conserv Recycl 85:54—
66. https://doi.org/10.1016/j.resconrec.2013.05.008

Gordon T, Berték B, Van Fan Y (2020) Implementing circu-
lar economy in municipal solid waste treatment system using
P-graph. Sci Total Environ. https://doi.org/10.1016/j.scitotenv.
2019.134652

Marche Region (2015) Report rifiuti Marche. https://www.regio
ne.marche.it/Portals/0/Ambiente/Rifiuti/2015_Report_rifiuti.pdf.
Accessed 19 Sept 2022

Ministero dell’ambiente, Decreto del Ministero dell’ambiente
27/09/2010 Definizione dei criteri di ammissibilita dei rifiuti in
discarica, in sostituzione di quelli contenuti nel decreto del Minis-
tero dell’ambiente 03/08/2005 (Pubblicato nella Gazzetta Ufficiale
n. 281 del 01/12/, 2015.

Kucera C, Kirkham DR (1971) Soil respiration studies in tall grass
Prairie in Missouri. Ecology 52:912-915. https://doi.org/10.2307/
1936043

Witkamp M (1969) Cycles of temperature and carbon dioxide
evolution from litter and soil. Ecology 50:922-924. https://doi.
org/10.2307/1933713

Parkinson KJ (1981) An improved method for measuring soil
respiration inthe field. J] Appl Ecology 18:221-228. https://doi.
org/10.2307/2402491

Kanemasu ET, Power WL, Sij JW (1974) Field chamber meas-
urements of CO, flux from soil surface. Soil Sci 118(4):233-237
Tonani F, Miele G (1991) Methods for measuring flow of carbon
dioxide through soils in volcanic settimg. In: International con-
ference on active volcanoes and risk mitigation, Napoli, 1991
Chiodini G, Frondini F, Raco B (1996) Diffuse emission of CO,
from the Fossa crater, Vulcano Island (Italy). Bull Volcanol
58:41-50. https://doi.org/10.1007/s004450050124

Chiodini G, Cioni R, Guidi M, Marini L, Raco B (1998) Soil
CO, flux measurements in volcanic and geothermal areas. Appl
Geochem 13:543-552. https://doi.org/10.1016/S0883-2927(97)
00076-0

Cossu R, Muntoni A, Chiarantini L, Massacci G, Serra P,
Scolletta A, Sterzi G (1997) Biogas emissions measurements
using static and dynamic flux chambers and infrared method.
In: Proceedings Sardinia 1997. Sixth international landfill sym-
posium, vol 4. CISA, p 103-114

Kamaruddin MA, Yusoff MS, Rui LM, Isa AM, Zawawi MH,
Alrozi R (2017) An overview of municipal solid waste man-
agement and landfill leachate treatment: Malaysia and Asian
perspectives. Environ Sci Pollut Res 24:26988-27020. https://
doi.org/10.1007/s11356-017-0303-9

Yalgin F, Demirer GN (2002) Performance evaluation of land-
fills with the HELP (hydrologic evaluation of landfill perfor-
mance) model: Izmit case study. Environ Geol 42:793-799.
https://doi.org/10.1007/s00254-002-0582-3

Heyer KU, Stegmann R (2008) Landfill systems, sanitary land-
fillling of solid wastes -long-term problems with leachates. Bio-
technol Second Complet Revis Ed 11-12:167-190. https://doi.
org/10.1002/9783527620999.ch6n

APAT-CNR-IRSA (2003) 2060 Man 29 2003. Analytical
methods for water (pH). https://www.irsa.cnr.it/wp/wpcontent/
uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf.
Accessed 19 Sept 2022


https://doi.org/10.1016/j.jclepro.2018.01.060
https://doi.org/10.1007/s11356-015-5345-2
https://doi.org/10.1016/j.jclepro.2021.126706
https://doi.org/10.1051/e3sconf/20172200020
https://doi.org/10.1089/ees.2016.0284
https://doi.org/10.1007/s10163-020-00999-3
https://doi.org/10.1016/j.wasman.2007.09.002
https://doi.org/10.1016/j.wasman.2007.09.002
https://www.ecoprog.com/publikationen/abfallwirtschaft/mba.htm#:~:text=In
https://www.ecoprog.com/publikationen/abfallwirtschaft/mba.htm#:~:text=In
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L0850&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L0850&from=EN
https://www.gazzettaufficiale.it/eli/id/2010/12/10/010G0235/sg
https://www.gazzettaufficiale.it/eli/id/2010/12/10/010G0235/sg
https://www.catasto-rifiuti.isprambiente.it/index.php?pg=gestnazione&width=1536&height=864&advice=si
https://www.catasto-rifiuti.isprambiente.it/index.php?pg=gestnazione&width=1536&height=864&advice=si
https://www.catasto-rifiuti.isprambiente.it/index.php?pg=gestnazione&width=1536&height=864&advice=si
https://www.gazzettaufficiale.it/eli/id/2003/03/12/003G0053/sg
https://www.isprambiente.gov.it/contentfiles/00003400/3488-mlg25-2003-stabilita-biologica.pdf/
https://www.isprambiente.gov.it/contentfiles/00003400/3488-mlg25-2003-stabilita-biologica.pdf/
https://doi.org/10.1177/0734242X16681461
https://doi.org/10.1016/j.wasman.2005.02.004
https://doi.org/10.1016/j.wasman.2005.02.004
https://doi.org/10.1177/0734242X9901700605
https://doi.org/10.1177/0734242X9901700605
https://doi.org/10.1111/jfr3.12566
https://doi.org/10.1016/j.resconrec.2013.05.008
https://doi.org/10.1016/j.scitotenv.2019.134652
https://doi.org/10.1016/j.scitotenv.2019.134652
https://www.regione.marche.it/Portals/0/Ambiente/Rifiuti/2015_Report_rifiuti.pdf
https://www.regione.marche.it/Portals/0/Ambiente/Rifiuti/2015_Report_rifiuti.pdf
https://doi.org/10.2307/1936043
https://doi.org/10.2307/1936043
https://doi.org/10.2307/1933713
https://doi.org/10.2307/1933713
https://doi.org/10.2307/2402491
https://doi.org/10.2307/2402491
https://doi.org/10.1007/s004450050124
https://doi.org/10.1016/S0883-2927(97)00076-0
https://doi.org/10.1016/S0883-2927(97)00076-0
https://doi.org/10.1007/s11356-017-0303-9
https://doi.org/10.1007/s11356-017-0303-9
https://doi.org/10.1007/s00254-002-0582-3
https://doi.org/10.1002/9783527620999.ch6n
https://doi.org/10.1002/9783527620999.ch6n
https://www.irsa.cnr.it/wp/wpcontent/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf
https://www.irsa.cnr.it/wp/wpcontent/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf

Journal of Material Cycles and Waste Management

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

APAT-CNR-IRSA (2003) 5120 B1 Man 29 2003. Analytical
methods for water (BODS). https://www.irsa.cnr.it/wp/wp-conte
nt/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.
pdf. Accessed 19 Sept 2022

ISO (2002) ISO 15705: 2002. Water quality—determination
of the chemical oxygen demand index (ST-COD)—small-scale
sealed-tube method. ISO, Geneva

UNI EN (1999) UNI EN 1484:1999. Water analysis - Guide-
lines for the determination of total organic carbon (TOC) and
dissolved organic carbon (DOC). https://store.uni.com/uni-en-
1484-1999. Accessed 19 Sept 2022

APAT-CNR-IRSA (2003) 4030 C Man 29 2003. Analytical
methods for water (ammonia nitrogen). https://www.irsa.cnr.
it/wp/wp-content/uploads/2022/04/Vol2_Sez_4000_Inorganici
NonMetallici.pdf. Accessed 19 Sept 2022

CEN EN (2003) EN 13725: 2003. Air quality-determination of
odour concentration by dynamic olfactometry. https://store.uni.
com/p/CEN11013547/en-137252003-202951/CEN11013547_
OEN. Accessed 19 Sept 2022

Barlaz MA, Green RB, Chanton JP, Goldsmith CD, Hater GR
(2004) Evaluation of a biologically active cover for mitigation
of landfill gas emissions. Environ Sci Technol 38:4891-4899.
https://doi.org/10.1021/es049605b

De Gioannis G, Muntoni A, Cappai G, Milia S (2009) Landfill
gas generation after mechanical biological treatment of munici-
pal solid waste. Estimation of gas generation rate constants.
Waste Manag 29:1026-1034. https://doi.org/10.1016/j.wasman.
2008.08.016

Mosher BW, Czepiel PC, Shorter J, Allwine E, Harriss RC,
Kolb C, Lamb B (1996) Mitigation of methane emissions at
landfill sites in New England, USA. Energy Convers Manag
37:1093-1098. https://doi.org/10.1016/0196-8904(95)00303-7
Di Maria F, Micale C (2015) Life cycle analysis of manage-
ment options for organic waste collected in an urban area.
Environ Sci Pollut Res Int 22:248-263. https://doi.org/10.1007/
s11356-014-3330-9

Zappini G, Cocca P, Rossi D (2010) Performance analysis of
energy recovery in an Italian municipal solid waste landfill.
Energy 35:5063-5069. https://doi.org/10.1016/j.energy.2010.08.
012

Caresana F, Comodi G, Pelagalli L, Pierpaoli P, Vagni S (2011)
Energy production from landfill biogas: an Italian case. Biomass
Bioenerg 35:4331-4339. https://doi.org/10.1016/j.biombioe.2011.
08.002

Chen PH (1996) Assessment of leachates from sanitary landfills:
Impact of age, rainfall, and treatment. Environ Int 22:225-237.
https://doi.org/10.1016/0160-4120(96)00008-6

Pantini S, Verginelli I, Lombardi F (2014) A new screening
model for leachate production assessment at landfill sites. Int
J Environ Sci Technol 11:1503-1516. https://doi.org/10.1007/
s13762-013-0344-7

Baucom I K, Ruhl C H, (2013) CCP landfill leachate generation
and leachate management. In: World coal ash conference, Lex-
ington, KY. http://www.flyash.info/2013/063-Baucom-2013.pdf.
Accessed 25 Jul 2022

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Linde K, Jonsson AS, Wimmerstedt R (1995) Treatment of three
types of landfill leachate with reverse osmosis. Desalination
101:21-30. https://doi.org/10.1016/0011-9164(95)00004-L
El-Fadel M, Bou-Zeid E, Chahine W, Alayli B (2002) Temporal
variation of leachate quality from pre-sorted and baled municipal
solid waste with high organic and moisture content. Waste Manag
22:269-282. https://doi.org/10.1016/S0956-053X(01)00040-X
Ehrig H-J (1989) Water and element balances of landfills. Lect
Notes Earth Sci 20:51-55. https://doi.org/10.1007/BFb0011259
Cossu R, Lai T, Sandon A (2012) Standardization of BOD 5/
COD ratio as a biological stability index for MSW. Waste Manag
32:1503-1508. https://doi.org/10.1016/j.wasman.2012.04.001
Sekman E, Top S, Varank G, Bilgili MS (2011) Pilot-scale inves-
tigation of aeration rate effect on leachate characteristics in land-
fills. Fresenius Environ Bull 20:1841-1852

Ehrig H (1983) Quality and quantity of sanitary landfill lea-
chate. Waste Manag Res 1:53-68. https://doi.org/10.1016/0734-
242x(83)90024-1

Cossu R, Raga R, Rossetti D (2003) The PAF model: an inte-
grated approach for landfill sustainability. Waste Manag 23:37—44.
https://doi.org/10.1016/S0956-053X(02)00147-2

Petrovic I (2016) Mini-review of the geotechnical parameters of
municipal solid waste : mechanical and biological pre—treated
versus raw untreated waste. Waste Manag Res. https://doi.org/10.
1177/0734242X16649684

Fuss M, Vergara-Araya M, Barros RTV, Poganietz W (2020)
Implementing mechanical biological treatment in an emerging
waste management system predominated by waste pickers: a Bra-
zilian case study. Resour Conserv Recycl 162:105031. https://doi.
org/10.1016/j.resconrec.2020.105031

ISPRA Italian Higher Institute for Protection and Environmental
Research (2004) Waste report. https://www.isprambiente.gov.it/
it/pubblicazioni/rapporti/rapporto-rifiuti-2004. Accessed 19 Sept
2022

ISPRA Italian Higher Institute for Protection and Environmental
Research (2020) Waste report. https://www.isprambiente.gov.it/
it/pubblicazioni/rapporti/rapporto-rifiuti-urbani-edizione-2020.
Accessed 19 Sept 2022

Wisniewska M, Lelicinska-Serafn K (2018) The effectiveness of
the mechanical treatment of municipal waste using the example of
a selected installation. In: E3S web of conferences, vol 45. EDP
Sciences, Les Ulis, p 00102

Cherubini F, Bargigli S, Ulgiati S (2009) Life cycle assessment
(LCA) of waste management strategies: landfilling, sorting plant
and incineration. Energy 34:2116-2123. https://doi.org/10.1016/;.
energy.2008.08.023

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf
https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf
https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf
https://store.uni.com/uni-en-1484-1999
https://store.uni.com/uni-en-1484-1999
https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf
https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf
https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol2_Sez_4000_InorganiciNonMetallici.pdf
https://store.uni.com/p/CEN11013547/en-137252003-202951/CEN11013547_OEN
https://store.uni.com/p/CEN11013547/en-137252003-202951/CEN11013547_OEN
https://store.uni.com/p/CEN11013547/en-137252003-202951/CEN11013547_OEN
https://doi.org/10.1021/es049605b
https://doi.org/10.1016/j.wasman.2008.08.016
https://doi.org/10.1016/j.wasman.2008.08.016
https://doi.org/10.1016/0196-8904(95)00303-7
https://doi.org/10.1007/s11356-014-3330-9
https://doi.org/10.1007/s11356-014-3330-9
https://doi.org/10.1016/j.energy.2010.08.012
https://doi.org/10.1016/j.energy.2010.08.012
https://doi.org/10.1016/j.biombioe.2011.08.002
https://doi.org/10.1016/j.biombioe.2011.08.002
https://doi.org/10.1016/0160-4120(96)00008-6
https://doi.org/10.1007/s13762-013-0344-7
https://doi.org/10.1007/s13762-013-0344-7
http://www.flyash.info/2013/063-Baucom-2013.pdf
https://doi.org/10.1016/0011-9164(95)00004-L
https://doi.org/10.1016/S0956-053X(01)00040-X
https://doi.org/10.1007/BFb0011259
https://doi.org/10.1016/j.wasman.2012.04.001
https://doi.org/10.1016/0734-242x(83)90024-1
https://doi.org/10.1016/0734-242x(83)90024-1
https://doi.org/10.1016/S0956-053X(02)00147-2
https://doi.org/10.1177/0734242X16649684
https://doi.org/10.1177/0734242X16649684
https://doi.org/10.1016/j.resconrec.2020.105031
https://doi.org/10.1016/j.resconrec.2020.105031
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-rifiuti-2004
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-rifiuti-2004
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-rifiuti-urbani-edizione-2020
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-rifiuti-urbani-edizione-2020
https://doi.org/10.1016/j.energy.2008.08.023
https://doi.org/10.1016/j.energy.2008.08.023

	Effect of MBT on landfill behavior: an Italian case study
	Abstract
	Introduction
	Materials and methods
	The landfilling site
	Collection and analysis of samples
	Biogas
	Leachate
	Odorous emissions


	Results and discussion
	Waste flow analysis
	The biogas analysis
	The leachate analysis
	Odorous emissions
	Soil settling assessment

	Discussion and conclusions
	References




