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ABSTRACT
In recent years, the Circular Economy has become the key lynchpin underlying the 
waste management system. However, the emphasis placed on recycling has led, 
on one hand, to an underestimation of the critical issues that are currently emerg-
ing so dramatically (i.e. limited recyclability of materials, instability of markets for 
secondary raw materials, and accumulation of contaminants present in the recycled 
materials), whilst on the other to neglect the inescapable role of landfill in waste 
management. In many cases, landfills are seen as a simple and economical means 
of disposing of waste, and from a political, legislative and technical viewpoint they 
are frequently denied the attention devoted to other engineering works, lacking ade-
quate financial investment to cover the costs required to ensure a sustainable land-
fill system. Landfill should be designed and constructed in line with the principle of 
environmental sustainability, by adopting technical measures aimed at guaranteeing 
waste stability and immobilisation of contaminants over a period of less than one 
generation and ensuring a Final Storage Quality in equilibrium with the environment.
This article summarises the concept of sustainable landfilling, identifies the techni-
cal strategies that characterise this system, describes the critical issues frequently 
encountered after decades of operation and proposes a series of solutions aimed to 
control long-term behavior. 

1.	 INTRODUCTION
In recent years, the Circular Economy has become the 

key lynchpin underlying the waste management system. 
This has led to an increased focus on the role of recycling, 
viewed as a definitive solution for waste management, and 
to landfill being deemed an obsolete and potentially redun-
dant system. 

Recycling however is by no means a perfect system 
(Cossu et al., 2020b):

•	 not all materials can be recycled and recyclable prod-
ucts cannot be recycled endlessly;

•	 contaminants contained in the products tend to accu-
mulate in the recycled materials and residues;

•	 even when materials are recycled waste will be pro-
duced; 

•	 the system relies on the ongoing availability of the mar-
ket for secondary raw materials and the recycled prod-
ucts obtained, whilst failing to account for instability 
factors (generalised economic crises, fall in price of spe-
cific primary materials, political or social crises, border 
closures, natural calamities, health emergencies, etc. )

Indeed, no type of waste management system can dis-
regard a balanced use and integration of different methods 
of treatment and disposal, each suited to a specific field of 
application. 

International data, routinely communicated, relating to 
the quantities and percentages of wastes, which, down-
stream of collection, are forwarded to the main treatment 
and management options (recycling, thermal treatment 
and landfilling), typically fail to include the disposal flows 
of treated waste. This oversight masks the effective use 
of both landfills and incineration. Cossu et al. (2020b) 
estimated the actual status quo on an international level 
by considering final waste disposal, which is achieved in 
term of end-products for recycling, in term of gasification 
for thermal treatment and in term of permanent deposit for 
landfilling. Based on this study the actual amount of waste 
(combustion and recycling residues) going to landfill is 
much higher (more than 20%) than officially declared. 

In particular, landfill constitutes a necessary and irre-
placeable system with which to close the material loop in 
a Circular Economy, providing, in line with the Back to Earth 
concept, a sink for all those substances and materials that 
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would otherwise remain dispersed in the biosphere, thus 
adding to a diffuse environmental pollution (Cossu, 2016).

The general tendency to strive to “conceal” the unavoid-
able evidence of a landfill whilst failing to pay sufficient 
attention to the associated political and legislative require-
ments has raised a series of critical issues:

•	 In many cases, landfills are seen as a simple and eco-
nomical means of disposing of waste, denoted by a fre-
quent lack of technical attention devoted to other en-
gineering works, and a paucity of financial investment 
required to cover the costs of ensuring a sustainable 
landfill system.

•	 The design and operation of a landfill is generally 
perceived as a simple task, although, in reality, a high 
degree of awareness, knowledge and experience are 
mandatory in order to avoid mistakes, which might pro-
duce serious consequences in terms of environmental 
impact and remediation costs (Cossu and Stegmann, 
2019).

•	 The potential impact of landfills remains virtually un-
changed due to not having been designed as sustaina-
ble systems.

•	 General populations are frequently fiercely opposed to 
the development of new landfills.

•	 As a consequence of anti-landfill or incinerator cam-
paigns, large quantities of wastes are often shipped 
abroad. A significant example of this is represented 
by Slovenia in which, although classified as one of the 
countries featuring a lower use of landfills and high 
rates of recycling, the waste management system is 
based largely on the exportation of waste, with the Slo-
venian statistical office reporting the exportation of 1 
million tons of waste out of a total of 6 million tons ge-
nerated (Republic of Slovenia, Statistical office, 2017).

2.	 SUSTAINABLE LANDFILLING 

Following the Rio de Janeiro Conference (1992) and 
setting up of the Kyoto Protocol (1997), the concept of en-
vironmental sustainability has produced a marked change 

internationally in the strategies applied to protect the envi-
ronment. However, to date no legislation relating to land-
fills has contained any mention of the concept of environ-
mental sustainability.

The Back to Earth concept should be achieved by se-
curing, within the time frame of one-generation, a final 
storage quality of the landfill in equilibrium with the envi-
ronment. Accordingly, the landfill should be designed and 
developed in line with the principle of environmental sus-
tainability, adopting all measures required in order to guar-
antee waste stability and immobilisation of contaminants 
in a time frame of less than one generation and ensuring 
the reaching of an equilibrium with the environment (Hei-
movaara et al., 2014).

2.1	Barriers
Potential waste contaminants are essentially present in 

either a mobilizable or non-mobilizable form. The mobiliza-
ble fractions contained in landfilled wastes and exposed to 
the atmosphere are transformed and pass from one phase 
to another in line with their characteristics of degradability 
and leachability. Following these transformations, the mo-
bilised substances accumulate in the emissions generat-
ed (leachate and gas), potential environmental pollutants. 
Controlling of emissions and risk of contamination in both 
the short and the long term, may be achieved through ap-
plication of the multibarrier concept (Cossu, 2018), using a 
series of systems (barriers) that impinge on the following:

•	 Quantity of deposited wastes 
•	 Quality of deposited wastes 
•	 Emission control

Barriers suitable for use, graphically depicted in Figure 
1, are described in Table 1, identifying the feature affected 
and the objectives pursued. 

Pre-treatments, and in-situ treatments in particular, are 
essential measures with which to achieve the aims of envi-
ronmental sustainability, and the choice of measures used 
and efficacy of the same should be specifically linked to the 
type and characteristics of the wastes, i.e. biological degra-
dability, calorific potential and leachability of contaminants.

FIGURE 1: Schematic illustration of the multibarrier concept. A, Waste minimization; B, Pre-treatment; C, Biogas and leachate collection and 
treatment; D, In situ treatment; E, Top cover; F, Lining; G, Siting and morphology. (modified from Cossu et al., 2020c).
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2.2	Pre-treatment 
The objective of any form of treatment to be applied 

to wastes forwarded to final sustainable disposal should 
be that of removing, transforming or immobilising potential 
contaminants into a stable form. This aim may be achieved 
through the combination of a series of processes and unit 
operations, as described in Table 2, some of which intend-
ed to prepare the material for stabilisation (Physical treat-
ment). The choice of intervention and expected efficacy will 
be linked to type and characteristics of the waste (putres-
cibility, calorific value, leachability of contaminants, etc.). 

In the case of municipal solid waste (MSW), biological 
pre-treatment as well as thermal pre-treatment are prac-
tised; both further to reduce the organic content to low 
values (biological waste stabilisation), allow a significant 
volume reduction, particularly with thermal treatment.

As a general rule, the biological pre-treatment of MSW 
is always combined with mechanical processes to afford 
the so-called Mechanical Biological Treatment (MBT), the 
aim of which is to stabilise undifferentiated wastes prior to 
landfilling (Stegmann, 2018). During mechanical pre-treat-
ment the high calorific value fraction of MSW is separated 
mainly by sieving. Following additional mechanical treat-
ment, the remaining fraction will be biologically stabilised 
prior to landfilling. 

The main effects produced by MBT on wastes to be 
landfilled are as follows (Leikam and Stegmann, 1999; 
Stegmann and Heyer, 2001, 2002):

•	 Weight reduction (40-70%).
•	 Reduction and homogenisation of granulometry.
•	 Increase in specific surface area with consequent po-

tential improvement of biological stabilisation process 
within the landfill.

•	 Enhancing compaction in the landfill.
•	 Reduced settling rates.
•	 Increased instability due to reduction in granulometry 

and removal of elements resistant to traction (i.e. fibres 
and plastics) by means of mechanical treatment, to 
achieve maximum gradients of 1:3 on slopes.

•	 Reduction of hydraulic conductivity with potential incre-
ase of neutral pressure and consequent risk of mecha-

nical instability.
•	 More than 90% reduction in the emission potential of 

the wastes with decreased COD and total nitrogen in 
leachate and lower stability indexes (RI4, GP21).

Amongst the different forms of thermal treatment 
(combustion, pyrolysis, gasification, etc.), combustion (or 
incineration) is the most widely process applied for mu-
nicipal solid wastes. The residues of thermal treatment 
account for 10% of the initial volume and 25-30% of the 
initial weight, including bottom ashes, grate siftings, boiler 
and economizer ashes, fly ashes, and Air Pollution Control 
(APC) residues. The various types of residue are character-
ised by a diversity of physical, chemical and mineralogical 
properties with a markedly differentiated composition. In 
particular, residues such as fly ashes and residues from 
flue-gas treatment feature a higher concentration of metals 
(Sabbas et al., 2003) and toxic trace organics (e.g. halogen-
ated hydrocarbons).

Combustion residues may be landfilled or recycled and 
used as road construction material meeting specific con-
ditions (e.g. beneath an impermeable asphalt layer) or in 
cement production. Whichever form of final disposal is ap-
plied, the potential environmental impacts of incineration 
residues are generally associated with emission of dust, 
gas and leachate, with the latter representing the major 
source of concern. Pre-treatment comprising the inertisa-
tion or leaching of residues will facilitate the reduction of 
contaminant load or modify leachability.

If thermally or mechanical-biologically pre-treated 
waste is landfilled the emission potential will be signifi-
cantly reduced, although emission control will still be re-
quired (Heyer, et. al, 2013). 

In the opinion of the authors, a status similar to that 
of an MBT landfill may be achieved by implementing the 
separate collection of kitchen and yard waste and landfill-
ing residual waste in a bio-reactor landfill with subsequent 
in-situ aeration. Of course, this process needs significantly 
longer time to reach the emission values expected from 
MBT landfills. 

The physicochemical treatment of waste washing (or 
elution) is aimed at separating wastes to facilitate the re-

TABLE 1: Barriers, features affected with a view to sustainability and objectives.

Barrier Features affected Aim

A Waste avoidance and minimisation Waste quantity To minimize waste landfilling

B Pre-treatment Waste quality To minimize the emission potential of wastes prior to 
landfilling 

C Biogas and leachate collection Emission control To maximize biogas and leachate collection and tre-
atment by removing contaminants from the landfill

D In situ treatment Waste quality To minimize the emission potential of wastes subsequent 
to deposition in the landfill 

E Top cover Waste quality, Emission control To regulate water ingress on the basis of specific pro-
cess requirements. 
To implement cultivation layer and/or gas emission miti-
gation systems 

F Lining Emission control To minimize the uncontrolled dispersion of contaminants

G Environmental barrier (Siting and morpho-
logy)

Emission and mechanical stability control To exploit the self-depuration capacity of the envi-
ronment to mitigate potential uncontrolled emissions.  
To ensure mechanical stability of the landfill
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covery of recyclable materials and/or at reducing emission 
potential of the waste with a view to sustainable disposal 
(GeoSyntec, 2003). During the washing process, any leach-
able compounds are transferred from the solid to the liquid 
phase. In the case of inorganic substances the efficacy of 
the process depends on a series of factors, including sol-
ubility, pH, redox potential, and presence of chlorides and 
dissolved organic matter.

Another physicochemical treatment method to sig-
nificantly reduce the leachability of suitable solid wastes 
with a prevalently inorganic matrix is called inertisation or 
solidification. The advantage of some of these forms of 
pre-treatment is represented by the possibility of achieving 
a higher efficiency compared to that afforded by washing, 
resulting in some instances in the possibility of recycling 
the inertised product for use a secondary raw material (An-
dreola et al., 2017). The main drawback is associated with 
the need to use additives (binders, reagents, etc.) and/or 
high amounts of energy resulting in a costly treatment. Of-
ten the long- term effects of the solidified waste are not 
well known. In case of elution high amounts of water are 
used, sometimes with the addition of chemicals (control 
pH, etc.), and the eluted sludge like compounds have to be 
further treated or landfilled. 

2.3	In situ treatment (Landfill Bioreactors)
Due to evident economical and technical issues, waste 

pre-treatment prior to landfilling may fail to result in a suffi-
cient stabilisation of wastes – either in terms of biological 
stability or in terms of stability against leaching – to guar-
antee an adequate final storage quality. This may still be 
achieved by means of in-situ treatments.

These measures may be implemented either during the 
operational phase of the landfill or during the post-man-
agement phase and should be selected, dimensioned and 
described in detail during the design stage. 

Potential in-situ treatments may comprise one or more 
of the following options (Table 2):

•	 Controlled leachate recirculation

•	 Natural aeration
•	 Forced aeration

Controlled water infiltration (in general treated or un-
treated leachate recirculation) may promote the biodegra-
dation processes due to an increase in moisture content 
of the waste and water flux. This approach makes only 
sense when the water content of the waste is insufficient 
to promote biological processes. High addition of water or 
leachate may result in water ponding, which may reduce 
the stability of refuse mounds. Moreover, the option of pro-
viding for the sole leaching of landfilled waste by means of 
addition of high water volumes for the purpose of releas-
ing a landfill from aftercare after a relatively short period 
(comparable to in-situ aeration) is, in the opinion of the 
authors, neither practical nor feasible. The findings of the 
international research project EVAPASSOLD demonstrated 
that to reduce the emission potential of a landfill to environ-
mentally acceptable concentrations, water volumes corre-
sponding to approx. 3-5-fold the deposited waste volume 
(liquid/solid factor 3-5) will need to migrate through the 
waste, which may not prove to be a feasible option (Allgaier 
and Stegmann and Heyer, 2002).

Landfills adopting the different unit operations either 
individually or in combination are typically recognized as 
landfill bioreactors, which are categorized into the follow-
ing types:

•	 Anaerobic landfill, featuring – where appropriate - a 
controlled recirculation of leachate.

•	 Aerated landfill, comprising the injection of air at low 
pressure through vertical or horizontal wells into the 
landfill body and simultaneous extraction of the corre-
sponding amount of gas, which will require treatment 
prior to release into the environment. In view of the au-
thors in-situ aeration shall only be applied to landfills 
with a low content of organic degradable matter (Rit-
zkowski, et al., 2006, Ritzkowski, et. al, 2013, Hupe and 
Stegmann, 2013).

•	 Semi-aerobic landfill, which thanks to the specific 

TABLE 2: Classification and description of unit operations applied in waste pre-treatment or in-situ treatment according to process type. 

Process Unit operations Aim

Pre-treatments

Physical •	 Shredding
•	 Size separation (Sieving)

•	 Pre-treatment, recovery of RDF 

Biological
•	 Anaerobic digestion
•	 Aerobic stabilisation
•	 Composting

•	 Biological stabilisation
•	 Resource recovery (methane, hydrogen, 

compost) 

Thermal

•	 Combustion
•	 Pyrolysis*
•	 Gasification* 
•	 Thermal inertisation (vitrification, melting, sintering)

•	 Reduction of waste volume
•	 Destroying of organic contaminants
•	 Energy recovery
•	 Recycling of ashes

Physical-Chemical •	 Washing (with or without chemical agents) of inorganic 
waste

•	 Removal of contaminants
•	 Reduction of emission potential

Chemical - Physical

•	 Solidification by both inorganic (e.g. Hydraulic binder) and 
organic (e.g. Thermoplastic materials) reagents.

•	 Reducing leachability
•	 Increasing mechanical stabilisation 
•	 Resource recovery (recycling of stabili-

sed material)

In situ treatment  
(Bioreactor landfills) Biological

•	 Controlled leachate recirculation
•	  In-situ aeration
•	 Natural/passive aeration

•	 Biological stabilisation 

* Mainly applied in Japan or occasionally in other countries for industrial waste
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ty (FSQ), according to which, on terminating management 
of a sustainable landfill, the remaining uncontrolled con-
taminant load will not necessarily correspond to zero. It 
is mandatory however that residual pollutants should be 
compatible with the surrounding environment and guaran-
tee an equilibrium that does not perturb the quality of the 
environment, whilst exploiting its ability to self-depurate.

The design of a sustainable landfill therefore should 
be based on the ability to achieve the FSQ, subsequent to 
which the main aftercare phase is terminated, which may 
release the landfill operators from any form of environmen-
tal liability. Anyway, in the opinion of the authors, a certain 
monitoring and maintenance of a landfill will be always 
necessary for a non-predictable time. 

The question as to when a landfill can be released from 
aftercare is difficult to answer. Some studies have defined 
FSQ by proposing limit values for landfill emissions (lea-
chate quality and load, gas production, etc.). In Germany, 
several studies put forward FSQ values for use by the Ger-
man Federal Environment Ministry (Stegmann, et al., 2006, 
Stegmann, et al., 2003, Stegmann, et al., 2011), whilst in 
Italy FSQ values were proposed by a national technical 
committee (CTD) in 2006 and implemented in the official 
regulation for sustainable landfilling of the Lombardia Re-
gion (Deliberation of the Regional Council 2461/14; Cossu 
et al., 2020d). 

The combination of pre-treatments and in-situ treat-
ment should be envisaged with an aim to pursuing the FSQ 
objective, exploiting their complementarity to reduce the 
emission potential of wastes (St), as graphically represent-
ed in Figure 2.

It is evident that financial provisions to be ensured over 
a defined time frame (in Italy, 30 years) are not sufficient to 
guarantee Final Storage Quality (FSQ) of the landfill. If no 
technical interventions are implemented to achieve the FSQ, 
on termination of the financial provisions, the place of what 
should simply be a closed landfill will be taken by a contami-
nated site with unsustainably high costs of recovery.

Aftercare costs are frequently overlooked or not given 
due consideration in budget planning. For a long period, 

construction of a system of chimneys and pipelines, 
is characterised by a natural convective circulation 
of air obtained through the difference in temperature 
between the waste mass and the external environment 
(Matsufuji et al., 2018).

•	 Hybrid landfill, with a sequence/alternation of aerobic 
and anaerobic conditions (Cossu and Grossule, 2018). 
This concept has been mainly applied in lab studies 
and relevance in full scale application is lacking.

Achievement of the aims of environmental sustainabili-
ty is guaranteed by the multiple benefits afforded by in-situ 
treatments, including reduced time frame for interventions 
and lower post-management costs, shorter duration of 
environmental responsibility for the landfill management, 
accelerated reduction of emission potential (due to an in-
creased degradation and leaching) and mechanical stabi-
lisation of the waste mass. On the other hand, the main 
disadvantages may include higher costs, higher complexity 
of construction, management and operation. 

Specific advantages and disadvantages of each landfill 
bioreactor category are summarized in Table 3.

In the opinion of the authors the only method, by which 
an enhanced reduction of the residual emission potential 
of a closed landfill can be achieved, is the in-situ-aeration. 
In many cases the existing landfill gas extraction system 
with some additions can be used. The results gained from 
actual full- scale aerobic in situ stabilization landfill pro-
jects show an enhanced biological stabilization with accel-
erated reduction of settlements (Ritzkowski et. al., 2006). 
This process may be supported by a controlled water infil-
tration (Stegmann, 2017a).

2.4	Final storage quality and closure of the aftercare
A landfill may be deemed sustainable if - following the 

integration of a series of barriers - the emission potential of 
the landfilled waste and the quality of emissions reached 
is such as to not produce any non acceptable effect on the 
environment. This status should be reached over the time 
frame of one generation.

This quality is typically defined as final storage quali-

TABLE 3: Categorisation of different landfill bioreactors, identifying the characteristic unit operation and specific advantages and disad-
vantages (Cossu,and Grossule, 2018; Grossule et al., 2018; Grossule and Lavagnolo, 2019; Ritzkowski and Stegmann, 2003, 2007).

Bioreactor type Unit operations Advantages Disadvantages

Anaerobic Leachate recircu-
lation *

•	 Improvement of biodegradation processes by control-
ling water content and flux

•	 Improvement of leachate quality
•	 Biogas generation enhancement, concentrated to a 

shorter period of time 
•	 Better removal of soluble compounds**, including am-

monia under anaerobic conditions and organic acids 
from the acidic and acetogenic phase, reducing possi-
ble inhibition of fermentation phase

•	 Costs of recirculation 
•	 Potential of leachate ponding 

Aerobic Forced aeration •	 Acceleration of biodegradation kinetics
•	 Better waste settling
•	 Reduction of uncontrolled methane dispersion
•	 Nitrogen removal

Energy demand 

Semi-aerobic Natural aeration •	 Acceleration of biodegradation kinetics
•	 Nitrogen removal
•	 Low cost system

Careful management and operation for opti-
mal system performance 

* Leachate recirculation, not applicable at high water content of waste mass, **It has to be distinguished between raw or treated leachate recirculation.
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the unrealistic opinion was held that 30 years after closure 
landfills no longer require special care and - if operated 
by the private sector - may be returned to the communi-
ties. Experience however has clearly demonstrated that 
non-sustainable landfill aftercare will be required for nu-
merous decades and, in the case of large landfills, possibly 
even a century or more. This is also the case for landfills 
with a low emission potential (Heyer, 2018).

Potential combinations of pre-treatments and in-situ 
treatments suitable for reaching the status of a sustaina-

ble MSW landfill in due time are graphically displayed in 
Figure 3.

3.	 TYPICAL TECHNICAL AND REGULATIVE 
PROBLEMS ASSOCIATED WITH TRADITIO-
NAL NON-SUSTAINABLE LANDFILLS AND 
SOLUTIONS

Landfill technologies implemented worldwide vary con-
siderably. In low-income countries often open dumps are 

FIGURE 2: Time trend of the emission potential for release of contaminants from a landfill. FSQ= Final Storage Quality, according to which 
the emission potential reaches a value of Ssust in equilibrium with the environment; tA, peak in emission potential during landfill operations; tB, 
Closure of landfill operations and commencement of aftercare; tC, Anticipated achievement of FSQ; t30, Sustainability target and termination 
of financial provisions; tD, FSQ beyond the 30-year threshold (unsustainable landfill). (Modified from Cossu et al., 2020c).

FIGURE 3: Scheme illustrating the possible combinations of pre-treatment and in-situ treatment options for municipal solid waste (MSW) with 
a view to ensuring landfill sustainability and achievement of FSQ.
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in use in which all kinds of wastes are disposed. This form 
of disposal implies a total lack of emission control, ab-
sence of waste compaction, sites selected with no regard 
to reducing environmental impact and very steep slopes. 
Waste dumping results in a range of problems, including: 
mechanical instability, fires, littering, odours, uncontrolled 
leachate, gas and toxic fumes emissions. On the other 
hand, the transfer of modern landfill systems, developed 
in industrialized countries, to tropical countries should be 
carefully managed to avoid failures, whilst bearing in mind 
the specific local situation (different waste composition, 
high temperatures and strong rainfall periods) (Lavagnolo 
and Grossule, 2018).

Conversely, even in industrialised countries, although 
landfills have undergone marked technical advances, a se-
ries of problematic issues raise. These are linked largely 
to reliance on physical containment measures alone (lining 
and leachate and gas extraction systems), despite the finite 
duration of this form of containment. Increasingly, drainage 
systems become clogged, drainpipes collapse, gas extrac-
tion wells lose functionality, and plastic membranes fail to 

maintain their initial quality. Moreover, the problem of long-
term landfill emissions remains inadequately addressed 
(Heyer, et.al. 2005). Landfills will continue to require regular 
maintenance and repairs (depreciation period for buildings 
approx.30 years) but the duration of ongoing aftercare re-
mains unclear and commonly, insufficient funds are ear-
marked for aftercare costs. 

The lack of an appropriate landfill design project corre-
sponding to the principles of sustainability based on use of 
the above-mentioned technical strategies, has resulted in a 
series of critical aspects highlighting both regulatory and 
design inadequacies. Typical technical issues in modern 
non-sustainable landfills are listed in Table 4 and classified 
according to the barriers used (previously illustrated in Fig-
ure 1, Table 1). In particular, the following paragraphs de-
scribe in detail these technical issues and provide potential 
technical solutions. 

3.1	Waste minimisation
The minimisation of waste forwarded to landfill is one 

of the key European strategies aimed at “preventing det-

Barriers Critical element Consequences Environmental impact

A Waste minimisation as the only strategy to 
address impacts from landfills

Absence of a legislative and technical upgrade 
of traditional landfill towards the sustainability 
concept

Environmental unsustainability

B Pre-treatment is not designed to foster 
achievement of FSQ 

Long-term environmental impact Environmental sustainability may be reached 
after very long times; many decades to century 

C Legal ban of acceptance of high calorific 
value wastes 

Recycled high calorific value wastes have to 
be thermal treated

 “carbon sink” only for humic like substances 
as a result of biological treatment

C Inadequate design of drainage system 
including materials 

Drainage dysfunction and inefficiencies/high 
water table

Increased risk of pollution and mechanical 
instability 

C Use of geotextiles to protect drainage bed Premature clogging of drainage system /
Leachate build-up 

Increased risk of pollution, odours 

C Limited long-term functionality of drainage 
system including collection pipes 

Drainage dysfunction and pipe rapture /high 
water table

Increased risk of pollution, odours, loss of 
mechanical stability

C Gas wells and pipes Uncontrolled gas emissions Environmental unsustainability

D Neglect of scientific development relating to 
in situ waste stabilisation (in-situ aeration, 
leachate recirculation)

Insufficient biological stabilisation and 
leaching of contaminants 

Environmental unsustainability 

D Scarce attention to quality of daily cover Reduced permeability of waste mass, 
ponding, gas circulation hampered 

Odours, mechanical instability, dust 

D Build-up of high temperatures Inhibition of methane generation, deformation 
of plastic liners and pipes 

Increased risk of pollution, risk of fires

D Lack of definition of Final storage quality 
(FSQ)

Uncertainty when releasing a landfill from 
aftercare 

Uncertainty regarding aftercare period

E Landfill top sealing directly after end of 
operation 

Insufficient water supply, reduced stabilisation, 
conservation of emission potential of waste 

Environmental unsustainability

E Scarce concern over potential use of methane-
oxidizing cover 

Escaping of the dispersed residual biogas Environmental unsustainability

F Duration of geomembranes Rupture, leachate infiltration Increased risk of pollution 

F Duration of efficiency of clay layers Leachate infiltration Increased risk of pollution 

G Scarce consideration of the morphological 
features of the landfill 

Incongruous insertion into the landscape, 
unstable drainage 

Inconvenience for the population 

G Scarce consideration for landfill siting taking 
into account natural capacity for attenuation 

Landfill development below the natural 
surface levels, even in sensitive areas 

Increased risk of pollution 

Other Height limit for the landfill above ground Steep slopes, unsightly appearance, extension 
of deposit below natural surface levels 

Impact on the landscape, risk of instability, 
precarious runoff 

Other Viewing of the landfill as an economic system No investment aimed at strengthening 
barriers 

Environmental unsustainability 

TABLE 4: Typical technical problems in modern non-sustainable landfills. 
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rimental impacts on human health and the environment” 
ascribed to landfills (2018/850/EU). However, the Circular 
Economy is quite far to reach the “Zero Waste” target, and 
landfill continues to play an unavoidable role in receiving 
residual wastes within the Circular Economy. Although the 
quantities of waste forwarded to landfill have decreased 
significantly, the change in quality and long-term impacts 
produced have been somewhat overlooked from a reg-
ulatory and design viewpoint. In particular, although the 
amounts of putrescible organic substances have been re-
duced, little is known with regard to a potential increase 
in inorganic substances (including heavy metals) and per-
sistent organic substances that tend to accumulate during 
waste recycling.

With regard to paper for example, a study conducted by 
Pivnenko et al. (2015) identified 51 hazardous substanc-
es (mineral oils, phthalates, phenols, parabens and other 
groups of chemical compounds) that tend to accumulate 
during the recycling process. Many of these compounds 
have been detected at higher concentrations in recycled 
paper compared to paper produced from the raw material. 

3.2	Pre-treatment 
In the majority of cases, both from a regulatory and 

design viewpoint, a strategic approach to waste pre-treat-
ment prior to landfilling is lacking. Indeed, although Euro-
pean regulations establish acceptance criteria, these fail to 
guarantee sustainability and compliance with achievement 
of a specific final storage quality required for termination of 
the aftercare period. 

The lack of a comprehensive strategic vision relating to 
waste pre-treatment is highlighted by the classification of 
landfill based on type of wastes deposited (inert, non-haz-
ardous, hazardous). In the presence of an increased haz-
ardousness, the regulations merely prescribe an increased 
thickness of physical barriers, failing to implement any sig-
nificant measures to reduce the potential contaminant load 
by means of appropriate pre-treatment or in-situ treatment 
with a view to achieving environmental sustainability. 

Lastly, the prohibition of landfilling for wastes with a 
high stable TOC or calorific value will ineluctably rule out 
the potential role of landfill as a carbon sink, which would 
contribute towards reducing the impact on generation of 
greenhouse gases (Cossu, 2012). The principles estab-
lished by the EU whereby the landfilling of wastes poten-
tially suited to recycling or other forms of recovery is pro-
hibited, with the exception of wastes for which landfilling is 
indicated as representing the most effective environmen-
tal solution (2018/850/CE). As a compromise the authors 
support the idea of landfills as an intermediate storage 
area for high calorific materials as plastic, in case there are 
no options for material or energy recovery.

3.3	Biogas and leachate collection 
A series of critical aspects have emerged with regard to 

leachate drainage.

•	 Inadequacy of the granular drainage material used (in 
terms of granulometry, homogeneity, cleanliness, resi-
stance, etc.) may result in clogging of the drainage sy-

stem, potentially compounded in the case of leachates 
having a high biodegradable organic load, due to the 
formation of bacterial film combined with precipitation 
of iron and carbonates. In view of the unfeasibility of in-
tervening directly to maintain drainage, it is fundamen-
tal that the drainage bed covers the entire bottom of 
a landfill and is made up of large, homogenously-sized 
inert material (mainly gravel) in order to provide a large 
volume and to avoid/reduce clogging. In addition it in-
creases the movement of leachate on the bottom liner 
(slope towards the drainpipes >3%) towards the drain 
pipes and facilitates the transfer of potential clogging 
material through the drainage pipes (the sole inspection 
point throughout the entire drainage system). Therefore 
the slots in the drainpipes should be around 1 cm wide. 
In order to reduce organic leachate concentrations, the 
authors recommend waste pre-treatment and installing 
a layer of up to ± 2 m of composted MSW on top of 
the gravel layer of the leachate collection system. This 
composted waste layer will act as an anaerobic filter 
for the migrating leachate from the upper waste layers 
(Stegmann, 1995, Lavagnolo, et. al. 2018). In this way, 
the readily degradable organics are partly anaerobical-
ly degraded to biogas. Moreover, the composted MSW 
layer will also contribute positively towards reducing in-
crustations in the leachate collection system, as these 
are strongly associated with the presence of high orga-
nic acid concentrations in leachate (Brune et al., 1991). 
This concept has been successfully implemented 
in a series of landfills in Germany (Stegmann, 1995). 
Finally, the use of geotextiles to protect the drainage 
bed against clogging, frequently prescribed in Italy and 
other countries by the competent authorities prior to 
issuing of authorisation, may actually worsen the pro-
blem rather than solving it. 

•	 The long-term functionality of the drainage system is 
naturally subject to degeneration: clogging of the pi-
pes due to incrustations is widely observed, despite 
the regular inspection and cleaning (by high pressure 
flushing) of the drainpipes; deformation or collapse of 
drainpipes may occur even when using prescribed qua-
lity material. However, an inadequate design, inappro-
priate material quality and a lack of maintenance (high 
pressure flushing 1-2 times a year) may further limit the 
lifespan of the drainage system. Moreover, unless the 
main drain headers are located close enough (< 50m), 
“fish bone” type drain systems should be avoided, be-
cause they are difficult or impossible to clean. In ad-
dition maintenance of drainpipe is more complex in 
landfills constructed in a pit. Ceramic pipes, which were 
used in Germany in the 1980s, failed to resist and were 
found to be unstable and partly collapse, hampering or 
preventing the removal of incrustations and loosing its 
functionality. HDPE pipes may become brittle/defor-
med after decades of emplacement, and this may oc-
cur also to HDPE liners (Löwe, 2016). As a result, also 
in order to meet the legal requirements, drainpipes will 
need to be repaired or replaced, a very costly task, the 
result of which may be far from desirable. The same 
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methods used in the repair of sewage pipes have also 
been applied in the remediation of landfill drainpipes. 
One procedure envisages a relining process obtained 
by placing new pipes inside collapsed ones (a frequen-
tly impossible task). Other methods involve digging 
down to the bottom of the landfill and substituting pi-
pes. The burst-lining technology may also be applied, 
in which a new pipe is pressed from one manhole to 
another. In some cases 3-5m diameter manholes have 
to be constructed in 30-40 high landfills, always respec-
ting the strict work safety procedures. All these proce-
dures are very expensive and even if pipe functionality 
is restored, the drainage system surrounding the pipe 
may remain clogged from incrustations.

•	 Construction of large diameter concrete vertical lea-
chate collection shafts throughout the waste mass, 
which in views of the authors should be avoided, may 
be subject to strong deformation, rupture, and impossi-
bility to carry out inspections. 

The critical aspects listed above unfailingly contribute 
to the formation of high water tables (which may, depend-
ent on landfill height under Mid-European climate condi-
tions, reach levels of between around 10 to 15 m). Water 
storage may also be layered water in landfills. In particular, 
in line with an increase in landfill height (>15-20m), pressure 
exerted on the waste and accordingly density decreases in 
the lower part of the landfill. In addition in the lower part 
of a landfill gas competes with water in the waste pores, 
which results in a further decrease of the permeability of 
the waste mass (may be 1-2 orders of magnitude or even 
more), resulting in a number of serious issues (Figure 4):

•	 Due to the weight of the overlying waste and water-sa-
turated pores of the waste material, water overpressu-
re may build up. This situation results in lower friction 
values of the landfilled waste and consequent reduced 
mechanical stability. Therefore pore water pressures 
should be monitored and – if necessary – appropriate 
measures taken (e.g. dams at the foot of landfills, redu-

ced slopes, water level reduction). This is particularly 
important for landfills in areas with high precipitation 
rates and/or in cases when landfilled wastes are cha-
racterised by relatively high moisture content. Due to a 
lower pore volume and relatively high sorption capacity, 
MBT landfills may need to be especially carefully mo-
nitored. 

•	 A rise of the water table may increase the rate of lea-
chate migration through a mineral clay layer placed at 
the bottom of the landfill, which does not provide com-
plete impermeability. 

•	 A regular distribution of the negative pressure values 
for gas extraction can be hampered and positive pres-
sure values might originate causing uncontrolled gas 
and odours emissions;

•	 Limited circulation of gas (biogas under anaerobic con-
ditions, air under aerobic conditions).

•	 Uncontrolled discharge of leachate.
•	 To extract the leachate and reduce elevated water ta-

bles, as well as in cases in which the drainage system 
fails to function adequately, vertical wells should be 
drilled to the bottom of the landfill and the leachate 
pumped out (Figure 5).

3.4	In-situ treatment (Landfill Bioreactors)
The role of this type of barrier is often completely ne-

glected both from a regulatory and design viewpoint:

•	 The possibility of regulating the presence of water to 
be used in biodegradation is frequently overlooked, 
with leachate recirculation being prohibited by the au-
thorities.

•	 There is a lack of cultural openness to the use of in-
situ waste treatment systems (in-situ aeration, semi-
aerobic landfill, etc.), largely due to the perception that 
the effectiveness of this technology has not been well 
demonstrated, although this technology is practiced in 
several countries since many years and has proven its 
applicability and success (Ritzkowsli and Stegmann, 
2018). 

FIGURE 4: Graphical illustration of the main issues associated with the build-up of high water table in landfill, (modified from Cossu et al., 
2020c). 
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•	 Scarce attention paid to the quality of materials used 
for daily cover, which in some countries is also applied 
for aesthetical reasons. In particular, the use of soil 
with low permeability should be avoided. In Germany 
on most landfills no daily cover is used due to the im-
mediate high compaction of the incoming waste by he-
avy weight compactors. 

•	 Relatively high temperatures (in some cases > 65°C) 
observed in several high/deep landfills is another phe-
nomenon that needs to be better addressed and in-
vestigated. In the opinion of the authors these occur 
typically due to the production of microbiological heat 
and low heat transfer in the waste (low water flux and 
significant insulation capacity of the landfilled waste). 
The high temperature, shift of NH4+ to NH3 (a highly 
toxic gas, toxicity limit around 150 mg/L free NH3) and 
the accumulation of organic acids due to low water flux 
may result in the inhibition of methanogenic bacteria 
and production of highly concentrated leachate. In ad-
dition chemical processes may also be responsible. 
High temperatures may also affect stability of the pla-
stic liners and pipes.

•	 No final storage quality (FSQ) which is compatible with 
the environment and on which to base ad hoc projects 
and initiatives is defined for the landfill. 

3.5	Top cover 
The flexible role carried out by a final cover, based on 

both the type of landfill and quality of landfilled waste, with 
an aim to achieving environmental sustainability, is com-
pletely neglected. European legislation enforced through-
out a series of countries establishes the need for landfills 
or landfill sections to be immediately capped once they 
have been filled to their final height. As a result, the emis-
sion potential of the landfill will be preserved (resulting in 
the so called dry tomb landfill, Stegmann, 1993). However, 
in view of the fact that surface liners may not remain effec-
tive indefinitely, emissions from the landfilled waste may 
occur once landfill operations are no longer monitored. 
This concept may only be applied to landfills where non-bi-

ological degradable waste alone is landfilled (e.g. different 
kinds of inert waste and hazardous and industrial wastes). 
In the case of wastes containing degradable compounds 
(MSW), water content and, accordingly, water infiltration 
through the top cover should be controlled with the aim of 
promoting degradation of organic substances.

Another aspect that is frequently overlooked is related 
to the potential effects that surface covering of the landfill 
may produce on the oxidation of residual biogas emissions 
(small quantities and low methane concentrations). Such 
top layers of fractions should consist of composted ma-
terial e.g. deriving from separate collection and treated by 
means of active biological stabilisation. Indeed, by includ-
ing zones of bio-oxidising material (compost, wood shav-
ings, etc.) in the cover structure, methane can be oxidised 
and contaminants such as Chlorofluorocarbons (CFC) 
present in the gas, degraded (Kjeldsen and Scheutz, 2018).

3.6	Lining
The main role in controlling landfill emissions has long 

been attributed to the lining system, although this does not 
guarantee a perfect and eternal insulation of the landfill 
from the surrounding environment. 

If geomembranes are applied, lesions may potentially 
be manifested even during installation due to faulty weld-
ing. In addition to damage and breakages may occur during 
the management phase due to inadequate mechanical pro-
tection. Likewise, when using mineral materials, the crea-
tion of a layer that complies fully with the established legal 
requirements is not easy to achieve. In addition to an initial 
high quality material, rules of good geotechnical practice 
should be adhered to (compaction, dimensions of layers, 
type of compaction, humidity, controlled presence of gran-
ular material, etc.) and appropriate monitoring of both the 
bottom liner and frequently neglected slopes. In the latter 
case moreover, care should be taken to avoid degradation 
caused by atmospheric agents (erosion, drying, cracking, 
etc.). The latter aspects are frequently overlooked, thus 
resulting in potential dysfunctions and problems that are 
only detected subsequently. On the other hand, clay liners 

FIGURE 5: Lowering water table by means of vertical wells with submersible pumps.
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insertion into the landscape is missing. Due to the wish to 
conceal view of the landfill, and the availability of gravel 
or mining pits may result in the construction of landfills 
below ground level and an ugly and scarcely functional 
aesthetics. Landfill should not be viewed as the final use 
of a specific area, but rather as an architectural structure 
intended to provide a series of functions geared to life of 
the community. 

4.	 NEW LANDFILL CONCEPT
In order to better control long-term functionality of 

the installations, to ensure long term effective emission 
control and to avoid/reduce the above described landfill 
problems, landfills should be constructed and operated 
in a modified way. As a way to deal with many of these 
challenges the installation of horizontal layers with slopes 
to the outside of a landfill mound is proposed (Stegmann, 
2017b). These layers should consist of inert coarse materi-
al at different levels of the landfill and should be construct-
ed during landfill operation (Figure 6). The layers should 
be placed at vertical distances of approx. every 3m in the 
lower part of a landfill (up to a height of about 12-15 m), 
and subsequently – when the permeability is somewhat 
higher - every 5m. If high water content waste is landfilled 
the coarse layers may be installed every 3m throughout the 
entire landfill height (e.g. situation in countries with a very 
high content of putrescible waste). These layers should be 
approx. 30-50 cm thick and consist of coarse carbonate 
“free” material - preferably with a largely homogenous grain 
size (about ± 30 mm)-; the material should be free of fines 
in order to avoid clogging and readily allow water and gas 
movement. Drainpipes perforated at their upper part may 
be installed to support leachate run-off and for monitoring. 
Once these layers have been installed, the amount of daily 
cover may be reduced and the horizontal layers used for 
multiple purposes: 

•	 to avoid/significantly reduce water build-up in the 
landfill

•	 to allow better compaction and operation of high moi-
sture containing waste

•	 to increase mechanical stability (higher friction angle)
•	 to allow gas extraction at an early stage during opera-

tion, avoiding significant climate gas emissions (about 
20-30 % of the total gas production potential), and by 
these means increase energy production. 

•	 to be used - once gas utilization is no longer possible/
feasible – for in-situ aeration and later for passive ae-
ration to maintain the landfill under high aerobic con-
ditions

•	 to reduce the build-up of high temperatures and inhibi-
tion of methane production due to the reduction of pore 
water pressures and water storage

•	 to reduce clogging of the base drainage layer due to 
more homogeneous temperatures and allow precipita-
tion in the upper drainage layers

Positive experiences have been gained using horizontal 
sand layers from a landfill filled with dredged material from 
Hamburg harbour. In addition horizontal drain layers were 

do not provide total permeability, but rather theoretically 
(1m hydraulic head, homogeneous layer, water as leaching 
liquid) a 1m layer of clay with a permeability k=10-9m/s 
(typically prescribed by legislation), will expedite (Darcy’s 
Law) the passage of liquid over a time frame of little more 
than thirty years. The actual timings involved have however 
been shortened even further in the presence of leachate 
rather than water, in addition to the other critical factors 
highlighted (faulty installation, environmental degradation, 
etc.) (Cancelli et al., 1994).

The limited duration of the physical barriers should 
therefore be taken into account during the design stage in 
order to allow appropriate measures to be implemented. 
Should the ability of these barriers to contain emissions 
not be perpetual then it should be ensured by means of 
pretreatment and/or in-situ aeration that non acceptable 
emissions do not last longer than the lifetime of the phys-
ical barriers.

3.7	Environmental barrier
The environmental barrier (siting, morphology of the 

landfill, attenuation capacity of the unsaturated ground 
and water tables) is frequently overlooked during the de-
sign stage, although it is frequently revisited following the 
occurrence of cases of pollution. 

Although lining systems are mandatory (Stief, 1989), 
appropriate landfill siting is also essential and may reduce 
the environmental impact of a landfill significantly. Areas 
having low permeability subsoil, where surface water is 
unable to enter the landfill and the ground water table is 
either very low and/or the quality of the water is too poor 
to use as drinking water (e.g. high natural salt content) are 
preferable for siting of a landfill. 

Landfill morphology may negatively affect the efficien-
cy of the drainage system; for this reason, morphologies 
envisaging deposition only above ground level are to be 
preferred. Landfills should be constructed as mounds in or-
der to control leachate in the long-term, particularly follow-
ing closure: leachate drainage systems can thus be better 
maintained and leachate runoff from the landfill will occur 
by gravity; conversely if landfills are constructed in pits, lea-
chate will need to be persistently pumped from the bottom 
of the landfill. Moreover, waste deposition above ground 
level provides the advantage of a greater distance between 
the bottom of the landfill and the groundwater tables, also 
facilitating intervention when needed (maintenance, “land-
fill mining”, etc.). Landfills should not be located in a valley, 
as in this case existing watercourses are often piped and 
waste is landfilled on top of these pipes. Pipes may sub-
sequently become subject to leakage and the watercourse 
will be polluted by leachate (Cate, F.M., 1993). When land-
fills are built in mountainous areas on a mountain slope, 
a well-designed water control system (drainage system) 
should be installed between the mountain and the land-
fill, and unpolluted water transported separately out of the 
landfill site. 

Aspects relating to the architectural design and eco-
nomic planning of a landfill will impinge considerably on its 
environmental sustainability. Often a functional planning 
and designing of a landfill based on intended after use and 
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installed in a MBT waste landfill in Lower Saxony, Germany. 
By developing an appropriate design for the base 

drainage system, water should be able to freely discharge 
from the bottom drain gravel layers of the landfill even in 
the presence of clogged or damaged drainage collection 
pipes. Frequent drainpipe inspection and cleaning should 
be ensured.

5.	 CONCLUSIONS
Landfill should be designed and constructed in line 

with the principle of environmental sustainability, in order 
to achieve over a period of less than one generation, a land-
fill with a low emission potential. Based on the multibarrier 
concept, technical measures aimed at controlling emis-
sions and risk of contamination, in both the short and the 
long term, may include: minimization of contaminant mass 
introduced into the landfill, appropriate waste pre-treatment 
and in-situ treatments to minimize the emission potential 
of wastes, appropriate biogas and leachate collection sys-
tems, flexible use of the top cover, lining and appropriate 
landfill siting and morphology. However, landfill is typical-
ly deemed an obsolete and potentially redundant system 
and from a political, legislative and technical viewpoint it is 
frequently denied the attention devoted to other engineer-
ing works, lacking adequate financial investment to cover 
the costs required to ensure a sustainable landfill system. 
The lack of an appropriate landfill design project corre-
sponding to the principles of sustainability based on use 
of the above-mentioned technical strategies, has resulted 
in a series of critical aspects in traditional non-sustainable 
landfills, which required specific technical solutions with a 
focus on ensuring landfill sustainability:

•	 Appropriate design of in-situ aeration, moistening and 
pre-treatment of waste, having consideration for the 
specific quality of the residues from the Circular Eco-
nomy, which might accumulate contaminants during 
the recycling process.

•	 Use of proper granular drainage material to extend its 
long-term functionality and use of horizontal drainage 
layers at different levels of the landfill to avoid the bu-

ilding up of high water table and assure the freely di-
scharge of water even in the presence of clogged or 
damaged drainage collection pipes.

•	 Use of morphologies envisaging deposition only above 
ground level.

•	 Exploitation of the flexible role carried out by a final 
cover, based on both the type of landfill and quality of 
landfilled waste.

•	 Use of bio-oxidising material in the top cover of the 
landfill to oxidize residual biogas emissions.

•	 Consider the limited duration of the physical barriers 
already during the design stage in order to take appro-
priate measures to ensure that emissions polluting the 
environment do not last longer than the lifetime of the 
physical barriers.

•	 Appropriate selection of the siting and morphology of 
the landfill, considering the attenuation capacity of the 
unsaturated ground and water tables.

•	 Consider landfills for appropriate after-use

A modified concept for landfilling of raw and pre-treat-
ed waste is presented in order to avoid a lot of problems 
that landfills with increasing age will face. 
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