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ABSTRACT

Landfill costs have been estimated for an average case that represents a reference
landfill model for Northern Italy. This case is based on the analysis of more than
15 landfill projects per the requirements of the Italian legislation. These projects
were based on the suggestions of the national landfill guidelines and best practices.
Costs have been analysed through the four phases of the landfill lifetime (i.e.: design
and authorization, construction, operation, and aftercare) and expressed per unit of
waste volume in order to define the “landfill gate fee” that represents a unit payment
for the whole landfill life cycle service. The estimated value, equal to 86.04 €/m?3, is in
line with the analysed references and it is mainly attributed to the costs of leachate
disposal, the staff, and raw materials for liner construction. However, other factors
such as localization, climatic conditions, waste quality, landfill geometry, operative
procedures, and financial and legal aspects can significantly influence the landfill
gate fee. Finally, the results of this study, based on a large data analysis, represent a
starting point for a comparative economic analysis to support political and technical

decisions.

1. INTRODUCTION

ltalian (art. 179 of D. Lgs. 152/2006) and European
norms (art. 4 of Directive 98/CE/2008) that regulate the
prevention and management of waste considers sanitary
landfills at the bottom of the hierarchy which includes the
following strategies: prevention, preparation for re-use,
recycling, other recovery (e.g.: energy recovery), and dis-
posal. In this regulatory framework, sanitary landfills in
Italy can only accept pre-treated waste with the exception
of few specific cases (art. 7 of D.Lgs 36/2003 and ISPRA,
2016).

However, sanitary landfills can properly meet waste
management objectives while ensuring higher safety
standards and operating flexibility compared to other final
waste destinations. In fact, a landfill can operate within a
wide range of potentiality (tons of waste per year) without
requiring substantial structural changes and without sig-
nificantly increasing emissions.

The sanitary landfill technology responds better than
any other system to waste composition variability and it
can be used, without any particular problems, to dispose of
waste fluxes with different chemical compositions.

These characteristics make the landfill an indispens-

able component of integrated waste management sys-
tems that need to meet the following requirements:

+ High fluctuations and seasonal peaks of waste streams
production, as is the case of tourist areas or exception-
al/occasional waste disposals;

High temporal variability (e.g.: ten years) of the dispos-
al requirement;

+  Heterogeneous waste fractions from different waste
recovery and stabilization treatments.

The sanitary landfill still represents a reliable technol-
ogy in areas where waste production is very low and/or
where significant distances discourage waste transpor-
tation to local facilities. It can represent the only solution
for developing countries who find it difficult to implement
more complex and often more expensive plants.

However, we have to not think that a landfill is a low
technology that is easy to manage and does not require
complex engineering components and high-technology
materials.

Landfills can ensure that safety standards are imple-
mented that are equal or higher than other waste manage-
ment technologies at lower costs. Costs thus becomes the
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"independent variable" whose value is used to select the
best option.

An appropriate estimation of landfill costs needs to
consider the following key elements:

+  Site factors: permeability of the soil; geotechnical sta-
bility of the walls (angle of natural stability); morpholo-
gy and presence of excavations (quarries); presence of
roads; presence of network services in the area (power
lines, drainage system, etc.);

Climatic and environmental factors: rainfall intensity
(average value and seasonal variability of precipita-
tion); temperatures and potential evaporation; intensi-
ty and persistence of winds; exceptional presence of
birds and other animals; etc;

Overall geometry and dimensions of the landfill: area
and height of landfills; daily quantity of disposed waste;
weekly or seasonal peaks in disposal; planned stops of
plant operations;

Presence of other management utilities: waste water
treatment plant; biogas recovery units; etc;

« Operational activities: the rate at which the landfill is
filled; costs for daily cover/restoration; etc;

+  Financial aspects due to investments and taxes (landfill
tax and contribution for landfill environmental annoy-
ance);

Land acquisition.

In addition to the above factors, regulatory technical
requirements (minimum thickness of the clay layer, type of
the geomembrane, the composition of the top cover, etc.)
contribute significantly to the formation of landfill costs.

The main aim of this study is to define the landfill “gate
fee” (typically per tonne) for the whole life cycle service.
This analysis can be useful for many purposes such as:

Defining the disposal costs for official price lists;

+ Planning the best waste management system;
Evaluating the economic impact of innovative techni-
cal interventions: energy crops application on top cov-
er (Garbo et al., 2017; Lavagnolo et al., 2016); leachate
recirculation; in-situ aeration application (Raga et al.,
2015); new environmental compensation or mitigation
applications (Pivato et al., 2013; Kunreuther and Easter-
ling, 1996); etc;

Improving the knowledge of the entire life cycle cost of
a consumer good (from procurement of raw materials
to disposal);

+ Analysing the impact of the reduction of specific taxes
or financial guarantees when innovative interventions
are applied to the landfill to reduce long term emissions;
Comparing the cost of the different landfill phases (con-
struction, operation and aftercare) and their optimiza-
tions through the application of design alternatives.

2. MATERIAL AND METHODS

Costs along the landfill lifetime depend on several fac-
tors, strictly correlated to the design of the landfill itself.
In this view, key points regarding the landfill type (for inert,
non-hazardous or hazardous waste, according to the EU

and ltalian laws Council Directive 99/31/EC and D.Lgs.
36/2003, respectively) and the quantity and quality of the
disposed waste (e.g.. moisture content, biodegradable
fraction). Their influence on costs is significant, since they
affect the constructive aspects (e.g.: total landfill height,
planned landfill lifetime), management aspects (e.g.: use
of pre-treatments, waste compaction, in-situ leachate
treatment), required capital investment (e.g.: area acqui-
sition, machinery, devices, materials, energy), labor force
employed (e.g.: number of staff workers and managers),
financial expenses, insurance policies, and taxes. Site
planning is also fundamental in the cost definition. For
instance, the construction costs for a landfill in a mountain
area will be much higher compared to an equivalent one
built on plain land, or, in some cases, in hill land, without
significant physical constrains.

The definition of a “representative” landfill case
becomes a key issue in order to generalize the results as
much as possible and, therefore, to avoid the analysis of a
specific landfill, which could result too much restriction for
comparison and too much site dependency.

In this study, cost estimations are referred to as an
average case that represents a reference model landfill
for the Northern-Italy region. These estimates are based
on the analysis of more than 15 landfill projects per the
requirements of current legislation (D.Lgs. 36/2003) as
well as suggestions of national landfills guidelines (CTD,
1997; DGR n. X/2461/2014) and on best practices.

Landfill cost and benefit analyses were performed
throughout the four phases of the landfill lifetime (design
and authorization, construction, operation, and aftercare)
using reference unit prices from official price lists and mar-
ket surveys.

Finally, all costs were grouped into economic or func-
tional categories and correlated to the available waste vol-
ume of the landfill, which were assumed as a reference unit.
In this view, it is important to note that landfill cost analysis
usually refers to the total price ratio to the weight of waste
disposed and not to the volume. The reasons behind this
choice are explained in the following paragraphs. Figure 1
shows the methodology adopted in this work.

2.1 Model landfill definition

The statistical analysis of several case studies, main-
ly from the Veneto and Lombardia regions, were used to
develop the definition of the geometry (volume and sur-
face) and the most important landfill constructive and
operational characteristics.

The model landfill is defined as a non-hazardous waste
and underground landfill developed in a pre-existing exca-
vation of an exhausted borrow pit (as 60% of the investigat-
ed landfills are underground); therefore, construction and
management characteristics rely on these basic assump-
tions.

The total landfill volume after settlement is about
1,000,000 m3, which corresponds approximately to a height
of 27 m (17 m underground, 7 m above the ground level
and almost 3 m considering both temporary and final top
covers) and a landfill surface of 50,000 m? at the ground
level. The volume related only to waste is about 800,000
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m3, and therefore daily, temporary, and final top covers are
not included in this value. Four hydraulically independent
sectors are considered and the bottom liner and top cover
are defined in accordance with D.Lgs 36/2003 and Lombar-
dia regional landfill guidelines (DGR n. X/2461/2014). The
fixed operation time is 10 years and the aftercare period is
30 years.

The dimensions of the devices needed for leachate,
landfill gas (LFG), and rainwater management rely on
calculations obtained by the implementation of specific
models. In particular, for leachate production estimation,
a hydrological balance model was performed (Canziani et
al., 1989):

L = P - E, for the operational phase;
L =P - R - ET, for the aftercare phase.

Where: L is leachate production, P is precipitation, E is
evaporation, R is runoff and ET is evapotranspiration. The
terms are estimated by the implementation of appropriate
models.

Precipitation is estimated by taking the monthly aver-
age data (10 years monitoring) provided by the Villafranca
(VR) weather station located approximately in the center of
the area covered by the statistic.

The evaporation term relies on the application of the
Turk formula and the evapotranspiration on the Thornt-
waite formula (Canziani et al., 1989). The runoff refers to
the work of Blakey (1992).

The most important results obtained from the applica-
tion of this model are:

Maximum yearly leachate production: 5,549 m3/year in
operational phase;

Yearly leachate production in aftercare: constant and
equal to 2,027 mé/year;

Cumulative leachate production: 42,540.31 m® in opera-
tional phase and 60,826.15 m?® in aftercare, on a total of
103,366.46 m?® in 40 years (see Figure 2).

Leachate collection is performed by a leachate drain-
age system, made of a drainage gravel layer on the bottom

Cumulative leachate production
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FIGURE 1: General scheme of implemented procedures.

liner and slotted pipelines. The pipelines are arranged in
four sectors and it consisted of a primary pipe and sec-
ondary pipes. The latter organized in a herringbone pattern.
The pipelines slope is assumed to be 2%. The leachate is
then collected from the South side of the landfill and deliv-
ered, through submersible pumps, to the leachate collec-
tion pipe (the removal pipe) and finally to the leachate
storage system. The leachate is stored in three 100 m?®
fiberglass tanks. An extra tank with the same dimensions
is assumed as a reserve. The tanks are placed on a con-
crete-made containment basin of 420 m? (internal length
of 21 m, internal width of 8 m, and internal height of 2.5
m). The containment basin represents a safety measure in
case of a failure in the fiberglass storage tanks. Leachate
tanks are emptied periodically, on a schedule defined in
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FIGURE 2: Cumulative leachate and LFG production over 40 years (10 years of operational phase and 30 years of aftercare phase).
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accordance with the specific leachate production period.
The leachate is then sent to an external treatment plant. No
in-situ leachate treatment is assumed.

The estimation of LFG production is based on the work
of Cossu et al. (1992). The methane content in the LFG
was assumed as 50% and the LFG collection efficiency
was assumed to be 70% of the total produced (DGRV n.
995/2000). The estimated values are reported in Figure 2
and summarized as follow:

+ Maximum yearly LFG production: 743,034 Nm?3/year
occurring in the 11th year;
Cumulative LFG production: 3,955,642 Nm? in the oper-
ational phase and 12,025,537 Nm?® in aftercare, for a
total of 15,981,180 Nm? over 40 years.

The LFG collection system consists of 42 vertical wells
(external diameter 600 mm, internal slotted pipe 160 mm)
installed in the landfill. Each well has a specific maximum
influence radius according to its location: 20 m near the
border and 35 m in the center of the landfill. Wells are
linked to four regulation stations, which are connected
to the extraction station. Because of the low quantity of
LFG produced, energy recover is not worthwhile (DGRV n.
995/2000). A flare is included and is designed in accor-
dance with D.Lgs. 36/03 and CTD (1997).

The landfill was built in an area of about 94,500 m?
which includes the auxiliary buildings and services need-
ed for its proper operation and management. These build-
ings and services include: leachate storage system, LFG
extraction station and flare, internal roads, and service
area. The service area (3,950 m?) includes temporary stor-
age, an office building, car and truck parking areas, a tire
washing system, and a platform scale. The dimensions
of these areas are defined through specific calculations,
which considers possible law restrictions and other similar
designs solutions.

The service area rainwater drainage system was
designed using a climatic curve for a return period of 50
years. The first rain falling in the service area, represented
by the first 5 mm of precipitation, is collected and treated
in the first rainwater treatment system. The treated water
is then stored in an underground water storage tank with a
volume of 31.5 m3. This water storage tank also receives
rainwater from the service building roof. The stored water
is reserved for the tire washing system and other uses,
including the fire prevention system. The excess rainwa-
ter is released into a rainwater drainage trench located
close to the first rainwater treatment system. This service
area drainage trench is 18 m long and it has a trapezoidal
shape (larger base 3 m, shorter base 2 m and height 2 m).
The wastewater from the service building is treated with a
grease separator and an Imhoff tank. The residual waste-
water flow is then sent to a phytodepuration system with a
surface area of 20 m? that was obtained by assuming 4 p.e.
(population equivalent) and 5 m?/p.e (ISPRA, 2012).

Rain falling on the landfill top cover is collected by a
perimeter channel (trapezoidal shape, larger base 1.5 m,
shorter base 0.5 m, height 0.5 m). In this case, according
to D.Lgs 36/2003, this design relies on a climatic curve for

a return period of 10 years. Rainwater collected is then
released into another drainage trench, with the dimensions
of the service area drainage trench except with a different
length. This trench is 110 m long and located along the
East side of the landfill.

Eight people are assumed to work at the landfill during
the operational phase: an operations director, a technician
responsible for the plant, two technical-administrative
employees, three workmen, and a supervisor.

Figure 3 shows the landfill model as projected with the
the aforementioned services, the leachate and LFG collec-
tion system configuration, and the defined liner system.

The characterization of the disposed waste was
assumed as follows (percentages are expressed on wet
weight base): paper 1.5%, cardboard 1.5%, glass and inert
52%, plastic 12%, metals 3%, stabilized inert 15%, and
sludge 15%. These values refer to the residual and pre-treat-
ed fractions and are consistent with those assumed in the
investigated cases. However, when designing a landfill, the
waste characterization is not a simple straightforward defi-
nition and sometimes it is estimated without any further
lab investigations. It is also difficult to know the temporal
and spatial dynamics related to the quality and quantity of
the incoming waste. For example, the European Union’s
Directives are working to limit landfilling and avoiding any
recyclable material being landfilled. Consequently, it is
expected that the amount of recyclables will decrease in
future landfills which could increase the expected life of
the landfill but also could modify the assumptions made
regarding the waste composition entering the landfill.

Today, most of the waste received by non-hazardous
waste landfills is represented by special waste produced
by economic activities due to the difficulty to fill landfills
only with MSW.

In Italy, the analysis of non-hazardous special waste
production data (Laraia, 2017) by economic activity high-
lights that the construction and demolition industries rep-
resent the highest percentage (42.3%). Waste treatment
and recovery activities follow (27.2%) along with manufac-
turing (19.2%), which include the quantities resulting from
mechanical biological treatment of MSW. All of the remain-
ing activities (e.g.: services, trade, transport; administrative,
education and health services; agriculture, forestry, hunting
and fishing; mining and quarrying; electricity, gas, steam
and air; water supply; sewerage) accounted for 11.3% of
the overall production of non- hazardous waste.

Sector experts estimate that in these landfills MSW
does not exceed 30% of the total waste disposed. Accord-
ing to this assumption, the classification of waste disposed
in the landfill model is 30% MSW and 70% Special Waste.
It is also assumed that the waste characterization already
takes into account this waste type ratio.

In the waste characterization assumed, unsorted and
putrescible waste are not included as waste fractions cate-
gories. However, biodegradability is considered in the other
fractions: paper and cardboard are considered slowly bio-
degradable and the sludge fraction is considered highly bio-
degradable. The choice not to define a separate category
for putrescible material, comes from the landfill disposal
trends over the last years. As a matter of fact, over the last
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FIGURE 3: Detailed landfill model schematic

15 years the increased restrictive legislation targets caused
a significant reduction in the biodegradable fractions dis-
posed of in landfills. In Italy, the greatest reduction of 78%
was achieved in the Veneto Region (DGRV n. 1245/2016).
The biodegradable fraction disposed into the landfill, calcu-
lated as kilograms of biodegradable waste per inhabitant
per year, decreased from the value of 133 kg/year/inhab-
itant in 2002 to 29 kg/year/inhabitant in 2014 (Annex A,
DGRV n. 1245/2016). Itis important to remember that, these
data only refers to the MSW portion of the waste disposed.
Therefore, in the case of non-hazardous waste landfills the
real value of biodegradable waste disposed may be higher,
since it also includes the fraction from special waste.

Waste characterization is also strictly connected with
waste density and indirectly to the degree of utilization of
the landfill. Waste density could be calculated considering
single waste fraction densities however this would be an
oversimplification of reality because its value is reflective
of site specific conditions and dependent on time and the
processes occurring during the landfill lifetime. In the pres-
ent study, in order to follow the goal of generalization of the
landfill model, a waste density of 1.1 t/m?is assumed. This
value aligns well with the other case studios considered.
Hence, considering the total volume of the waste disposed,
the waste inflow calculated is 88,000 t/year.

2.2 Sanitary landfill life cycle

The landfill costs must consider all the landfill life
phases:

+  Design and authorization phase (1-3 years): waste char-
acterization study, projects, construction management,
testing and security coordination, meetings;

+  Construction phase (1-2 years): site operation (excava-
tion, backfilling of soil, etc), construction of the main
parts of landfill body (barrier layer, leachate and LFG
collection) and construction of other facilities at the
landfill site (such as monitoring system, internal road
and office building);

+  Operational phase (10 years): operation of the landfill,
for example the transport of waste from the outside,
the placement and compaction of waste, the daily cov-
erage, the environmental monitoring (groundwater, sur-
face water and air around the plant), and leachate and
LFG management;

+  Aftercare phase (30 years): operations planned for
this phase consist of monitoring and maintenance
activities, which are mainly: top cover maintenance
and monitoring, leachate collection system operation
and maintenance, LFG collection system maintenance
and monitoring, LFG migration control and monitoring,
groundwater and surface water monitoring, security
and ground stability maintenance.
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A proper estimate of the duration of each phase is fun-
damental and is importance especially from an economic
point of view. In fact, costs of each phase should be refer-
enced and homogenized to a specific time frame (temporal
homogenization of the costs). Further considerations of this
particular subject are discussed in the following section.

2.3 Criteria for economic analysis

The economic analysis for the determination of the
landfill gate fee is based on the technical procedures used
in the bill of quantities and in the financial plans.

Regarding the bill of quantities, a generic item of cost/
profit is determined applying the following expression:

Item cost [€] = Quantity [reference unit] x Unit price [€/(ref-
erence unit)]

The cost of this item refers to the cost of the spe-
cific intervention or operation considered (e.g. activity,
equipment, material) and the reference unit of each item
is selected each time following the most suitable unit of
measure (e.g. m3, m? m, t, body). In this work, quantities
assumed are those defined above for the model landfill,
whereas unit prices come from the official price lists of the
Veneto (Veneto Region Price List, 2013) and Lombardia
regions (Regione Lombardia, 2011) as well as from market
analysis.

Regarding financial plans, interest rates for investments
commonly applied in public projects were used.

Specific assumptions were applied for the following
items:

Actualization of cost and revenue

Cost and revenue of activities/works realized at differ-
ent times should be actualized. However, in real cases
assumptions are made to consider unit costs equal for
all of the landfill lifetime. This is also the case for the
present study.

Tender discounts

Tender discounts for public contracts should be clari-
fied. For those generally in question, average discounts
for engineering services without work execution is
38.2% with peaks of 70%; for engineering services with
work execution the average is 16.3% with a peak of
50.6% (CNI, 2016).

Generally, these discounts don’t depend on technical
variables and are difficult to forecast. However, if they
are applied, often the reduction in cost is compensat-
ed by other costs, such as unexpected events, design
errors, or appraisals. In the work, these discounts were
not considered.

Reference units

Costs usually refer to the unit of weight of waste dis-
posed. Reasons are mainly practical, since the quantity
of waste disposed in a landfill is measured by weighing
the trucks. However, referring to unit of volume better
takes into account the waste volume which avoids the
influence of waste quality and type.

For example, the landfill cost referred to as a unit of
weight of glass swarf (specific weight greater than 1.6 t/

m?®) is double relative to the cost referred to normal MSW
(0.8 t/m? after compaction), even if they occupy the same
volume in the landfill; glass swarf however does not gen-
erate biogas or release pollutants in the leachate. In this
sense, the cost correlated to weight results are restrictive.

Therefore, in accordance with the above consider-
ations, the costs of the model landfill refers to the unit of
volume. The volume considered as reference is the volume
for waste equal to 800,000 m3.

The weight/volume reference issue is similar to the
concept of degree of utilization of the landfill (or utiliza-
tion factor of the volumes). It represents the ratio between
the quantity of waste disposed and the volume. Therefore
from a dimensional point of view, the unit of measure is t/
m?. This dimensional similarity to density must not be mis-
leading, because the meaning is different. Several factors
affect the degree of utilization of the landfill. Besides the
specific landfill site characteristics and the quantity and
quality of waste disposed, the most important are:

- Density: the increase in the waste density value allows

taking full advantage of landfill volumes. Considering
the same volumes, higher density values mean larger
quantity of waste that can be dispose of;
Waste pre-treatments: they can maximize the usable
landfill volume. Compaction maximization became
fundamental, especially for some materials for which
it is difficult to reach large compaction levels (and then
high values of density) after disposal in the landfill.
This means that, for these materials, good compaction
before disposal allows for some kind of landfill volume
“recovery”. This concept fits particularly well to the case
of plastics, where the density can reach 0.9 t/m? with
a compactor roller, and it is around 0.4-0.5 t/m?® with
simple mechanical shovel. In general, the compaction
density has a physical limit, which cannot be exceeded
even with stronger compaction. In case of the afore-
mentioned plastic fraction, the maximum density val-
ues can reach close to 1 t/m?, while it is around 2.5 t/
m? for glass swarf, 7.5 t/m?® for ferrous waste, 2-2.5 t/
m? for stones inert, and 1.5-2 t/m? for combustion res-
idues;

+  Settlements: this factor strongly influences the degree
of utilization of the landfill volume. In this view, land-
fill closure timing is important, since settlement that
occurs before the closure determines the possibility of
disposing other waste within the volumes, that other-
wise would be “lost” (if the landfill is closed, it is impos-
sible to dispose other waste). The biodegradable frac-
tion has a significant volume reduction potential since
its tendency to lose water;

- Daily cover: it can significantly decrease the landfill vol-
ume available, since it can occupy a significant volume
(5-10% of the total landfill volume). Considering also
that the other soil covers can occupy about 20%-33% of
the total landfill volume (Ziyang et al., 2015). The daily
cover, if made with layers of soil or biostabilized mate-
rial, usually has thickness of 10 cm and is placed every
one to two meters of disposed waste. Through rough
calculations it means that for the landfill model, where
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the waste height is around 23 m, the daily top cover has
a total thickness of 1.2-2.3 m. The corresponding vol-
ume for the daily cover layer must be subtracted from
the usable landfill volume. Furthermore, this value can
also increase, since settlement affects the waste layer
thickness to greater extent than daily cover layers.

It is worth mentioning that in the case of slower dispos-
al processes, the achievement of a minimum daily thick-
ness of 1T m of waste needed for the placement of the daily
cover can be difficult. For instance, with a waste inflow of
50 t/day (density 1 ton/m?), a meter of waste thickness
means the formation of an ideal solid with an area of 7
m by 7 m which is too small for compactor operations.
Increasing that area to 10 m by 10 m, the incidence of the
daily cover on a height of 50 cm of waste becomes equal
to about 20%.

These considerations are important since they are a
starting point for the optimization of the use of landfill vol-
umes. However, these factors are really site specific and
their influence on costs is difficult to evaluate.

2.4 Sensitivity analysis

The sensitivity analysis applied to the economic anal-
ysis is carried out using the “tornado” application of the
program Crystal Ball©. The “tornado chart”, a type of deter-
ministic sensitivity analysis result output, was chosen to
provide a graphical representation of the degree to which
the results (in terms of unit cost in €/m?) are sensitive to
the specified Independent Variables (unit prices) with the
other variables being held constant.

3. LANDFILL COST AND REVENUE ANALYSIS

The following sections detail the main analyses carried
out to estimate the costs and revenues for the entire land-
fill life. The results are reported in Table 1 and are grouped
into three levels of economic or functional categories: level
one corresponds to the landfill phases plus an economic
category (general expenses and net income) not correlat-
ed to a specific landfill phase but required at this level by
specific national guidelines; level two corresponds to the
main works/activities/services; level three corresponds to
a more detailed description of the previous categories.

3.1 Design and authorization phase

The costs for design and authorization phases include
the following technical activities: preliminary studies and
surveys (topography, geology, geotechnical, etc.), waste
characterization study, project management at different
levels (preliminary, definitive and executive), plan for the
operative and aftercare phases, security plan, site engi-
neering, administrative and technical testing, and environ-
mental impact assessment.

These aspects can be easily evaluated as a percentage
of the construction cost (8% in this study). More sophisti-
cated approaches such as the one suggested by Italian law
DM 143/2013 use a parametric calculation based on three
parameters: construction cost, performance complexity
(buildings, structures, facilities, roads, etc.), and perfor-

mance specificity (preliminary project, definitive project,
executive project, etc.). However, these results are too high
if compared to the ones from the selected statistic and
they are not representative of applied costs.

Other costs for different authorization procedures such
as investigation, notices, meeting, etc., can be estimated
on the basis of worker hourly rates for the public sector.

3.2 Construction phase

The costs for the construction phase include the
investment costs (area acquisition, construction cost, and
machinery purchase) and the financial expenses due to
investment and indirect costs.

Concerning construction cost, it is important to under-
line that some costs were included here even if not actually
incurred during the construction period. This is necessary
for an easier presentation of the results. This method was
also followed in the majority of bill of quantities and finan-
cial plans analyzed. For example, in this case, we consider
the temporary and final top covers, which are realized in the
operational phase.

3.2.1 Area acquisition

Within a given country, as well as across countries,
acquisition costs are difficult to specify in any formula-
ic manner. In some cases, the site may be acquired out-
right for a fee, in others, a royalty might be paid, or the site
may be leased. It is difficult to generalize about the costs
of acquisition and much depends upon the landowner in
determining these costs.

In this work we adopted the methodology used for
the compensation of a motorway called “Pedemontana
Veneta” (2011) which reimburses voluntary transfer of
non-building areas with a payment three times the Average
Agricultural Value, assumed equal to 5 €/m? Therefore,
area acquisition costs amounts 3 x 5 €/m? x 94,500 m? =
€1,417,500.

3.2.2 Construction cost

The construction cost includes all of the works planned
by the project. It is important to underline that the costs
are not considered in a chronological order, but they are
grouped according to the type of work or area of interest.

Preliminary work include the construction and disman-
tling of the construction site and the excavation of general
cleaning, while morphological shaping includes the cost
for remodeling the borrow pit.

The costs of the bottom liner system and the top cover
system arises due to the cost of supply and installation of
the different liners required by regulations.

The cost related to the leachate system includes the
slotted pipes for drainage, the lifting shafts for collection,
the removal system, and the containment basin consisting
of four storage tanks.

LFG system cost is due to the cost of wells and slotted
pipes for the collection, connection pipes and regulation
stations for the transport, and extraction station and flare
for the disposal.

Monitoring includes the supply and installation of the
piezometers for groundwater control, the weather station
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TABLE 1: Landfill gate fee calculation. The economic categories have been grouped in three levels: level one corresponds to the landfill
phases plus the general expenses and net income; level two corresponds to the main works/activities/services; level three corresponds to
a more detailed description of previous categories. The range of unit costs (where available) were estimated on the analysis of a statistic
of more than 15 landfill projects designed on the basis of current legislation (D.Lgs. 36/2003), on the suggestions of national landfills
guidelines (CTD, 1997; DGR n. X/2461/2014), and on best practices.

Estimated values for the reference model Unit Cost (€/m?)
ttems Tot for item (€) % Estimated values Rang%}{:ﬂzi;mics

1 Design and Authorization Phase 870,303.61 1.26% 1.09 0.35-2.20
1.1 Design and Authorization Cost 870,303.61 1.26% 1.09 0.35-2.20
2 Construction Phase 18,031,437.69 26.20% 22.54 9.01-34.19
2.1 Area Acquisition 1,417,500.00 2.06% 1.77 0.87-4.07
2.2 Construction Cost 10,503,795.11 15.26% 13.13 6.50-25.87
2.2.1 Preliminary Works 164,987.20 0.24% 0.21 n.a.
222 Morphological Shaping 271,455.00 0.39% 0.34 n.a.
223 Bottom Liner System 2,849,076.45 4.14% 3.56 n.a.
2.2.4 :Top Covers System 4,671,169.43 6.79% 5.84 n.a.
2.2.5 Leachate System 409,841.30 0.60% 0.51 n.a.
2.2.6 :Landfill Gas System 458,982.86 0.67% 0.57 n.a.
2.2.7 i Monitoring 32,135.10 0.05% 0.04 n.a.
228 Landfill Hydraulic Settlement 25,386.66 0.04% 0.03 n.a.
229 Underground Utilities 170,621.27 0.25% 0.21 n.a.
2.2.10 : Internal Road and Service Area 274,463.58 0.40% 0.34 n.a.
2.2.11 : Facilities 179,000.00 0.26% 0.22 n.a.
2.2.12 : Environmental Restoration Works 137,746.59 0.20% 0.17 n.a.
2.2.13 : Final Works 80,870.77 0.12% 0.10 n.a.
2.2.14 : Safety 778,058.90 1.13% 0.97 n.a.

2.3 Machinery Purchase 1,350,000.00 1.96% 1.69 0.66-1.95
2.4 Financial Expenses 4,760,142.58 6.92% 5.95 1.52-9.80
2.5 Indirect costs 0 0.00% 0.00 n.a.

3 Operational Phase 29,325,233.76 42.60% 36.66 4.90-42.87
3.1 Operating Costs 10,039,565.91 14.59% 12.55 2.99-19.97
3.1.1 Staff 4,598,350.00 6.68% 5.75 n.a.
3.1.2 : Utilities and Materials 400,000.00 0.58% 0.50 n.a.
3.1.3 Leachate Management 1,917,973.05 2.79% 2.40 n.a.
3.1.4 Landfill Gas Management 458,982.86 0.67% 0.57 n.a.
3.1.5 : Daily Top Cover 464,760.00 0.68% 0.58 n.a.
3.1.6 Monitoring 344,500.00 0.50% 0.43 n.a.
3.1.7 Maintenance 750,000.00 1.09% 0.94 n.a.
3.1.8 i Other Services (technical costs, etc.) 1,105,000.00 1.61% 1.38 n.a.

3.2 Pollution Liability Protection in Operation 180,000.00 0.26% 0.23 0.12-0.59
3.3 Financial Guarantees in Operation 118,787.86 0.17% 0.15 0.02-4.95
3.4 Contribution for Env. Annoyance and Landfill Tax 18,986,880.00 27.58% 23.73 2.14-32.89
3.4.1 Contribution for Environmental Annoyance 5,807,120.00 8.44% 7.26 n.a.
342 Landfill Tax 13,179,760.00 19.15% 16.47 n.a.
3.5 Operating revenue 0.00 0.00% 0.00 n.a.

4 Aftercare Phase 7,149,570.29 10.39% 8.94 2.74-12.20
4.1 Operating Costs 6,557,113.38 9.53% 8.20 2.06-11.74
411 Staff 2,035,570.00 2.96% 2.54 n.a.
4.1.2 Utilities and Materials 244,000.00 0.35% 0.31 n.a.
4.1.3 Leachate Management 3,068,401.95 4.46% 3.84 n.a.
4.1.4 Landfill Gas Management 229,491.43 0.33% 0.29 n.a.
4.1.5 : Monitoring 422,250.00 0.61% 0.53 n.a.
4.1.6 Maintenance 512,400.00 0.74% 0.64 n.a.
4.1.7 i Other Services (technical costs) 45,000.00 0.07% 0.06 n.a.

42 Pollution Liability Protection in Aftercare 540,000.00 0.78% 0.68 0.05-1.76
43 Financial Guarantees in Aftercare 52,456.91 0.08% 0.07 0.02-2.05
4.4 Aftercare revenue 0.00 0.00% 0.00 n.a.

5 General Expenses and Net Income 13,456,500.52 19.55% 16.82 8.06-19.03
5.1 General Expenses 7,198,950.90 10.46% 9.00 2.77-9.00
5.2 Net Income 6,257,549.62 9.09% 7.82 3.759.17
TOT TOTAL COST - NO VAT (22%) 68,833,045.87 100.00% 86.04 38.28-86.95

n.a.: not applicable or not available
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for meteorological data measurements and plates for set-
tlements and diffused LFG monitoring.

Landfill hydraulic settlement refers to works necessary
for the management of rainwater falling on the landfill sur-
face: the perimeter channel all around the landfill and the
rainwater drainage trench.

The cost of underground utilities grouped all the follow-
ing systems: service area rainwater drainage system, first
rainwater treatment system, water storage tank, wastewa-
ter system, service area drainage trench, electric network.

Internal road and service area cost is simply the cost
due to the realization of the earth made road all around
landfill perimeter and the asphalt for the service areas.

The costs for the office building, temporary storage
basin, platform scale, and tire-washing system are all con-
sidered in facilities.

Environmental restoration works is the cost for landfill
cover grass.

Final works include the cost for the fence, to prevent
the uncontrolled access to people and animals; the gate,
to permit the access for cars and trucks; and the area sur-
rounding hedge, to hide the construction site.

Finally, safety cost contributes to the estimation of the
construction cost and it represents approximately 8% of
the cost due to all the other categories of this paragraph.

3.2.3 Machinery purchase

The investments for acquisition of new machinery
includes: 1 tracked digger (€ 210,000.00); 2 tracked oper-
ating machines for waste placement (2 x € 250,000.00); 1
agricultural tractor with brush-cutter arm (€ 160,000.00);
n°1 compactor (€ 480,000.00). This cost is extremely vari-
able and has to be estimated on a case by case basis.

3.2.4 Financial expenses due to investments

The financial expenses associated with the invest-
ments (area acquisition, construction costs, machinery
purchase) are calculated assuming full debt financing at
an yearly interest of 6% (range 5-7%) (Hogg, 2001; Florio,
2003) for a period of 10 years, equal to the duration of the
operational phase. Constant rate amortization (Followill,
1998) was used for calculations, considering compounded
interest.

3.2.5 Indirect costs

Indirect costs are difficult to quantify but they can
potentially have a decisive role on the economic feasibility
of the landfill.

An important indirect cost is the devaluation of the
areas closed to the landfill. Devaluation of surrounding
areas can reduce their original value (5.00 €/m?) by more
than 50% compared to before landfill construction. In addi-
tion, the effects of devaluation can extend for hundreds of
meters (even a kilometre) from the landfill site, even in the
case of well-designed and managed landfills.

In this case, considering the landfill model, some rough
calculations can be made. Assuming an average value of
the areas of 50,000.00 €/ha (before landfill construction)
and considering 1 km radius of influence area, for a total of
about 438 ha as the average depreciation (hypothesis that

devaluation has linear behaviour, from 50% of pre-landfill
value in the nearness of the landfill to 0% at 1 km of dis-
tance) can be estimated as follows:

438 ha x 50,000 €/ha x 25% = 5,475,000 €

which correspond to 6.8 €/m?in relation to the assumed
landfill waste volume (800,000 m?). It is important to note
how much depreciation can increase in the case of valu-
able surrounding areas and therefore its incidence on land-
fill cost.

In order to minimize local devaluation, some general
criteria should be followed when choosing the landfill site.
These criteria may include a distance from housing greater
than 1 km, preference of uncultivated or low-value areas,
choice of a site with low visibility from urban centres, and
from important landscape attractions and with easy and
direct access from primary roads. On the contrary, the
devaluation is near to zero in the case of environmentally
degraded areas or previous landfill sites. However, in gen-
eral, these costs are not mentioned in financial plans and
they can be included in the cost for the area acquisition or
into the contribution for landfill annoyance, as was done in
the present study.

3.3 Operational phase

The economic analysis for the operational phase
includes several different categories: operating costs, pol-
lution liability protection, financial guarantees, contribution
for landfill annoyance, landfill tax and landfill operating rev-
enues.

In particular, pollution liability protection and financial
guarantees are necessary to insure the site management to
the benefit of the public administration in case of pollution,
or rather in the case of bankruptcy/transfer of ownership
of the company. Financial guarantees are also required for
the aftercare phase.

On the contrary, the contribution for landfill annoyance
and landfill tax are related only to the operational phase,
in fact they have to be paid during the period of waste
delivery.

3.3.1 Operating costs

The operating costs are the costs related to staff, util-
ities and materials, leachate and LFG management, daily
top cover, monitoring, maintenance and other services.

Staff

The staff cost due to each job position can be obtained
from the national tables FISE (2016) of recognition time for
every single task and level, constituting a substantial part
of the national contracts for environmental professionals.
Considering 6 to 8 daily working hours and 250 working
days/year, the staff cost according to task and responsibili-
ty is the following: n°1 operation director (75 €/hour x 2,000
hours/year); n°1 technician responsible of the plant (40.25
€/hour x 2,000 hours/year); n° 2 technical-administrative
employees (2 x 28.65 €/hour x 1,500 hours/year); 3 work-
men (3 x 23.53 €/hour x 1,500 hours/year); n° 1 supervisor
(25.00 €/hour x 1,500 hours/year).
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Utilities and materials

Utilities and materials include the cost of electricity,
telecommunications, water, fuels, lubricants, reagents, and
other consumables. In particular, the costs of electricity
used by leachate pumps and LFG stations are not includ-
ed because they are counted respectively under leachate
management and LFG management. The yearly | cost has
been set equal to 40,000.00 €/year.

Leachate management

Leachate management includes the costs related to
utilities and to maintenance of the leachate system and the
leachate treatment and/or disposal.

The leachate system cost is due to the electricity con-
sumed by the pumps, while the cost for maintenance is cal-
culated as 5% of the cost of leachate system construction.

Financial plans calculate this cost defining a unit price
in reference to the volume of leachate produced, including
transport and treatment; the cost can vary according to
the leachate quality from 17 €/m? to 45 €/m?, respectively
for contaminated rainwater and for highly contaminated
leachate (chemical oxygen demand (COD) > 10,000 mg/L).
In this study a unit price of 40 €/m?® has been considered
for leachate disposal and, therefore, during the operation-
al phase the total cost is: 40.00 €/m?® x 42,540.31 m® = €
1,701,612.

Landfill gas management

Unlike leachate management, the cost for LFG manage-
ment is just due to LFG system utilities (mainly electricity
consumed by the regulation stations, the extraction station
and the flare) and maintenance. In fact, its disposal is not
necessary because LFG is treated on site by combustion
into a high temperature flare. These two contributions are
both obtained considering 5% of the cost for LFG system
construction.

Daily top cover

Differently from temporary and final top covers, daily
top cover is strictly linked with the operational phase: it is
placed every day on top of the waste disposed during that
day. For this reason, it has been considered in this phase
and not in the construction phase, as was the case for the
temporary and the final top covers.

Monitoring

The monitoring activity follows the indications of the
supervision and control procedure prescribed by D.Lgs.
36/03. These activites have to be carried out by qualified
and independent staff on: groundwater, leachate, drainage
surface water, LFG, air, meteorological data, and landfill
topography.

Groundwater controls for both volume and composition
are required. Groundwater level is measured monthly in five
piezometers with an average unit price of 25.00 €/mea-
surement. For groundwater chemical analyses, the param-
eters are analyzed with the following frequency: quarterly
for 11 parameters (pH, temperature, electric conductivity,
Kibel oxidability, chlorides, sulphates, Fe, Mn, ammonia
nitrogen, nitrate, nitrite) and yearly for 26 parameters (five-
day biochemical oxygen demand (BOD5), total organic car-

bon (TOC), Ca, Na, K, fluorides, polycyclic aromatic hydro-
carbons (PAH), heavy metals, cyanides, organic halogen
compounds, phenols, pesticides and organic solvents). An
average unit price of 20.00 €/parameter can be assumed.

Additionally, for leachate controls both volume and
composition are required. Leachate level (indirect measure
of the leachate volume) is measured monthly at the bottom
of four lifting shafts with an average unit price of 25.00 €/
measurement. For leachate chemical analyses, the sam-
ples are taken from the leachate storage tanks in order to
obtain an average characterization of leachate extracted
by the landfill. Parameters, frequency, and average cost
are the same assumed for groundwater, except for BOD5,
which is monitored quarterly. Moreover, the analysis of
COD is also performed with quarterly frequency.

Chemical analyses on drainage surface water are per-
formed on samples from four representative points, con-
sidering the same parameters and frequency assumed for
leachate chemical analysis. The unit price considered is
the same.

LFG quality analyses on CH,, CO,, O,, H,, H,S, total par-
ticulate matter, NH,, mercaptans, and volatile compounds
are performed monthly at the extraction station (150.00 €/
measurement). The analysis for the assessment of biogas
uncontrolled emission from the landfill surface are per-
formed three times a year (1,500.00 €/campaign survey).

Air quality monitoring is made monthly by portable
equipment in four points with an average unit price of
150.00 €/measurement; the analyzed parameters should
be the same considered for LFG monitoring.

Meteorological data monitoring is conducted automat-
ically by the weather station, where the following meteoro-
logical sensors are installed: rain gauge (for precipitation),
air thermometer (for temperature), anemometer (for wind
direction and velocity), evaporimeter (for the evaporation),
air hygrometer (for the humidity). The minimum frequency
of monitoring is daily for all the parameters for a total cost
of 50.00 €/year.

Landfill morphology monitoring is performed through
topographical surveys conducted twice a year for a cost of:
350.00 €/ha x 5 ha=1,750.00 €/each.

Maintenance

The maintenance cost includes the maintenance of
machinery, facilities (such as the platform scale and tire
washing system), underground utilities, and stations and
systems for monitoring. Leachate and LFG system main-
tenance is not considered in this category because they
are included in the leachate management and LFG man-
agement costs. The yearly cost for maintenance costs
amounts to 75,000.00 €/year.

Other services

Other costs necessary during the operational phase
are: technical costs for supervision and control procedure
(1,500.00 €/year); disinfection and disinfestation (4,000.00
€/year); deratting and bird control (5,000.00 €/year); com-
mercial costs (50,000.00 €/year); administrative costs
(50,000.00 €/year).

A. Pivato et al. / DETRITUS / Volume 04 - 2018 / pages 140-156

149



3.3.2 Pollution liability protection in operation

The insurance in case of a landfill project is the pollu-
tion liability protection and it is defined as a function of
volume of the landfill, typology of waste, and location (site
vulnerability).

In case of a landfill for non-hazardous waste (including
also MSW), not located in a zone of aquifer recharge, the
maximum coverage is of € 1,500,000 for each 200,000 m?
of landfill volume (DGRV n. 2721/14).

On the basis of a volume of 800,000 m3, the calculat-
ed maximum coverage is of € 1,500,000 for 4 sectors of
200,000 m® = 6,000,000 €/year.

The total pollution liability protection cost in operation
is calculated for the 10 years of landfill life assuming a per-
centage of 0.3% of the maximum coverage and the costs
amounts to: 6,000,000 €/year x (0.3/100) = 18,000 €/year x
10 years = € 180,000.

This percentage is difficult to establish because it
depends on financial solidity of the company, but also on
the capital market and waste quality. It can vary between
0.1% and 0.33% of the maximum coverage.

It is important to underline that the financial guarantees
can be reduced if the company has environmental certifi-
cations: by 50% in case of and Eco-Management and Audit
Scheme (EMAS) registration, by 40% in case of certifica-
tions in accordance with UNI EN ISO 14001 and still by 50%
if the enterprises complies with both of the environmental
management systems (DGRV n. 2721/14).

3.3.3 Financial guarantees in operation

To obtain the authorization for a landfill, some financial
guarantees must be provided in accordance with art. 14 of
D.Lgs. 36/03.

In particular, a guarantee is required for the activation
and the operational management of the landfill, including
closure procedures, withheld for at least 2 years from the
closure communication date.

These guarantees are calculated considering a percent-
age of 0.8% (range 0.7-2%) of the total planned cost for:

Activation and operation costs;

Costs for closure procedures and final recomposition
of the landfill, such as the realization of the top covers,
the construction of the ‘embric’ channels to drain the
fallen rainwater on the closed landfill, and the landfill
cover grassing.

In the case of landfills for which the authorization is
approved for sectors, a guarantee can be given for them.

3.3.4 Contribution for landfill environmental annoyance
and landfill tax

Contribution for landfill environmental annoyance

The contribution for environmental annoyances is a
function of the non-hazardous waste typology (Special
Waste or MSW) admitted in the landfill, according to DGRV
n. 1104/2013.

In particular, remembering that non-hazardous special
waste represents 70% of the total waste mass of the land-
fill model and the remaining 30% is MSW, the contributions
for environmental annoyance are as follows:

(70/100) x 880,000t = 616,000t x 5.00 €/t = € 3,080,000
for non-hazardous special waste;

(30/100) x 880,000 t = 264,000 t x 10.33 €/t = €
2,727,120 for MSW.

Landfill tax

The landfill tax (called ecotax) is a form of tax required
by art.3 of Italian Law n. 549/1995 in order to promote a
lower waste production and the recovery of raw materials
and energy from them. This tax is paid to the regional gov-
ernments and is used to create a fund for inspection pro-
grams and long-term mitigation of environmental impacts
related to disposal. It is applied on top of the other costs
of the landfill causing a rise in the landfill gate fee. In this
sense, it represents an inhibition of the disposal in com-
parison to preferable alternatives (Cossu and Masi, 2013).
The amount of the tax is a function of the waste typology
disposal in the landfill and established on a regional basis.
In particular, according to LR n. 3/2000, remembering that
non-hazardous special waste represents 70% of the total
waste mass of the landfill model, and the remaining 30%
is MSW, the contributions for landfill tax are the following:

(70/100) x 880,000 t = 616,000 t x 10.33 €/t = €
6,363,280 for non-hazardous special waste;

(30/100) x 880,000 t = 264,000 t x 25.82 €/t = €
6,816,480 for MSW.

Biostabilized material used for daily and temporary/
final top covers, as the other materials used for landfill
construction and management, are not subject to pay such
contributions.

If municipalities reach a percentages of separate col-
lection greater than 50 - 65% with respect the total col-
lected waste, the landfill tax can be reduced by 35% - 70%
(DGRV n. 288/2014). This discount is not considered in the
present case study.

3.3.5 Operating revenue

The most common revenue from a landfill is generat-
ed by the sale of energy from LFG. In this case the price
depends on the regime governing energy sales. The oper-
ators may contract out the management of LFG for energy
recovery, and where energy prices are favourable, they may
take a royalty fee in lieu of the contract.

In the case of plants which collect less than 100 m%/h
of LFG (DGRV n. 995/2000), the energy recovery is not
considered economically favourable because the product
energy has to be treated which is an added cost. This is
also the case for the present study. A separate category
can be created for the revenue or it can be included in the
mentioned economic categories.

3.4 Aftercare phase

The aftercare phase includes operating costs, pollution
liability protection, financial guarantees and aftercare reve-
nue. In particular, as for the operational phase, these costs
represent non-negligible costs allocated to the total quanti-
ties deposited in the plant, even in case of plant stoppage.
It is important to underline that these costs are collected
when waste disposal starts, but they are saved and used
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after 30 years from the end of the operation activity. This
fact introduces a serious management risk, because of the
tendency to use these reserves to cover operational cash
outflows, and because they can ultimately prove insuffi-
cient.

3.4.1 Operating costs

The operating costs during the aftercare phase are the
costs related to staff, utilities and materials, leachate and
LFG management, monitoring, maintenance, and other ser-
vices.

During the 30 years of aftercare, costs are reduced to
take into consideration the reduction of the required landfill
activities.

Staff

The staff cost during the aftercare phase is obtained
from the national tables FISE (2016) which were used for
the operational phase. It includes: n°1 technician respon-
sible of the plant (40.25 €/hour x 1,000 hours/year); n°1
workman (23.53 €/hour x 2,000 hours/year); n°1 respon-
sible for supervision and control plan (25.00 €/hour x 210
hours/year).

These costs are reduced by about 30% every 10 years.

Utilities and materials

Utilities and materials include more or less the same
costs of the operational phase, but the yearly consump-
tions are lower. As for the operational phase, these costs
do not include the cost for electricity used by leachate
pumps or biogas stations, which are accounted for in the
leachate and LFG management categories.

Unlike the operational phase, the cost is not the same
every year. This cost amounts to € 10,000.00 for the first
year, and then decreases about 20% every 10 years.

Leachate management

Leachate management during aftercare includes the
same costs for the operation: consumptions and mainte-
nance of the leachate system and leachate disposal. Differ-
ently from the operational phase, the amount of leachate
does not vary each year, but it is assumed constant, so the
leachate disposal cost amounts to: 40.00 €/m3 x 2,027.54
m?3/year = 81,101.60 €/year, for a total of € 2,433,048 in 30
years.

Landfill gas management

As for the operational phase, the cost for LFG manage-
ment is just due to LFG system consumptions and mainte-
nance. These two contributions are both obtained consid-
ering the 5% of the cost for LFG system construction for
the first 5 years of the aftercare.

Monitoring

As for the operational phase, the monitoring follows
the directions of the supervision and control procedures
according to D. Lgs. 36/03, point 5. The monitored matri-
ces (the parameters and the points) are the same as the
operational phase, but the frequency changes. The unit
prices for the monitoring activity are assumed to not vary
with time.

The groundwater level is measured twice a year where-

as the quality composition is monitored half-yearly for the
11 fundamental parameters and yearly for the other 26.
The frequencies are the same respectively for the leach-
ate level, fundamental parameters (13 in case of leachate),
and the other parameters (25 in case of leachate). Chem-
ical analyses on the drainage rain water are performed
considering the same parameters and frequency for the
leachate chemical analyses. For LFG, the quality analyses
are conducted every six months for the extraction station
and yearly (for the first 5 years) for the top covers to ana-
lyze the uncontrolled emissions. Air quality monitoring is
conducted twice a year using portable unit at four points.
The frequency of meteorological data monitoring can be
reduced and the monitoring of wind direction and veloci-
ty is no longer required. Landfill morphology monitoring is
performed through topographical surveys every six months
for the first three years after that this monitoring is con-
ducted yearly.

Maintenance

The maintenance cost during aftercare includes main-
tenance of underground utilities and of monitoring stations
and systems, and maintenance of vegetative landfill covers
and the restoration of depressions and caves. Consequent-
ly, the cost per year is lower than during the operational
phase.

As for the operational phase, the leachate system and
LFG system maintenance are not considered in this cate-
gory, because they are considered respectively in the leach-
ate management and LFG management costs.

These aspects amount to € 21,000.00 for the first year,
and then decreases about 20% every 10 years over the
aftercare period.

Other services

Different from the operational phase, the only other
services necessary in the aftercare phase are the technical
costs which amount to 1,500.00 €/year.

3.4.2 Pollution liability protection in aftercare

The total pollution liability protection cost in aftercare
is calculated for 30 years assuming a percentage of 0.3%
of the maximum coverage estimated according to DGRV n.
2721/14 as for the operational phase.

This cost amounts to: 6,000,000 €/year x (0.3/100) =
18,000 €/year x 30 years = € 540,000.

3.4.3 Financial guarantees in aftercare

Financial guarantees in accordance with D. Lgs.
36/2003 include the costs for aftercare management of
the landfill, and they are withholding for at least 30 years
from the closure communication date.

These guarantees are calculated, as for the operation-
al phase, considering a percentage of 0.8% of the planned
aftercare cost without a value-added tax (VAT).

It is important to underline that for aftercare the guar-
antees are withheld for at least 30 years, which is a very
long period in the financial market which could give rise to
solvency issues. A valid solution to these problems could
be a five-year automatic renewal period.
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3.4.4 Aftercare revenue

Energy production from LFG can represent an import-
ant revenue opportunity, especially if the activity was prof-
itable during the operational phase. However, decreasing
LFG production makes this option usually not convenient.

Other revenue possibilities can derive from innovative
technical interventions on the surface of the final landfill
top cover and their practical feasibility and economic con-
venience must be assessed on case by case basis. The
installation of photovoltaic parks represent an already
important and widely adopted solution. Furthermore, new
opportunities are always considered and under develop-
ment. This is the case of energy crops, which represent a
promising opportunity for the near future. In the present
study these aspects are not considered in the operational
phase.

3.5 General expenses and net income

The general expenses and the net income have to be
considered in order to define the landfill gate fee. The first
corresponds to the 13% (range 13%-17%) of the all costs
calculated without VAT, the second to 10% of all costs plus
general expenses (art. 32 of the DPR n. 207/2010).

4. DISCUSSION

Results obtained from the cost analysis of the whole
life cycle of the landfill model are shown in Table 1. The unit
cost is obtained by dividing the total cost by the waste vol-
ume: € 68,833,045/ 800,000 m® = 86.04 €/m?. It represents
the landfill gate fee, expressed per volume unit (€/m?) and
is the sum of the costs related to design and authorization
phase, construction phase, operational phase, aftercare
phase, general expenses, and net income. None of these
costs in the VAT.

The same calculation is repeated for all the three cat-
egories reported in Table 1, to obtain a unit cost for each
category.

Economic categories level one and two have been
compared with ranges obtained from the mentioned sta-
tistics, while this was not possible for level three because
the investigated document used a different economic
structure. It is worth mentioning that all unit costs fall into
ranges, therefore it is reasonable to confirm that the goal to
define a representative landfill case was achieved.

Regarding the cost distribution in the different landfill
phases, the operational phase is where most of the costs
are incurred (42.60% of the total landfill cost); it is followed
by the construction phase (26.20%), the aftercare phase
(10.39%), and the design and authorization phase (1.26%).
Moreover, the last two phases together are referred to
as lower costs relative to the general expenses and net
income category (19.55%).

Concerning financial expenses, the obtained wide range
could be attributed to different assumptions. In some
financial plans they are calculated based only on the con-
struction cost (minimum value), while others consider the
technical expenses as investment costs (maximum value).
Among investment costs there are the construction costs,

the area acquisition, and machinery purchases. Concerning
area acquisition, this cost is difficult to generalize because
it depends on many variables (position, presence of build-
ing, etc.). Concerning the machinery purchase, the estimat-
ed unit costs are quite high because all machinery is esti-
mated to be bought as new items. Buying used machinery
or renting can reduce these costs. Within the construction
costs, the sub-category with the highest cost (15.26%) also
has a wide range which is a result of the different technical
solutions and services adopted and strictly correlates to
its geographical position (presence or not of an exhausted
borrow pit, rather than mountainous or flat terrain) and to
the quantity and quality of the disposed waste.

On the contrary, some of the sub-categories of the con-
struction costs are set by the legislation which establishes
many of minimum requirements for landfill construction in
order to reduce environmental impacts. In this sense the
model landfill was designed in accordance with the laws
and the best practices and for this reason the correspond-
ing percentages and unit costs align with the regulatory
expectations.

For instance, top covers have the highest impact on
construction costs followed by the bottom liner. Since
the minimum thickness is fixed by the law, the cost may
increase considering large landfill surfaces. In this view,
an important cost minimization is obtained considering
that the average height of the landfill should be greater
than 1/10 of its shorter base. This is usually obtained by
designing landfills with a total landfill height of about 20-30
meters, like those realized in exhausted borrow pits, which
is also the case of the present case study.

Operating costs in the operation and in aftercare
phases both consist of staff time. In particular, the staff
costs in the operational phase is higher than the costs in
the aftercare phase, even if the aftercare period is three
times the operation period (30 years versus 10 years). This
trend is due to the fact that the operational phase requires
more employers than the aftercare phase.

In the operational phase, which is the most expen-
sive one, the definition of the operation time (statistical-
ly between 6 and 13 years) is fundamental because cost
amounts are very sensitive to changes in the phase dura-
tion. Landfilling must therefore be planned carefully, avoid-
ing operation stops, especially long ones. A stop in oper-
ations for one year may be onerous and bring important
budget deficit challenges.

A further evaluation was carried out in order to identify
the most important detailed costs. The analysis compares
all of the single voices, not directly highlighted in Table
1, used in the bill of quantities and in the financial panel.
These results are reported in Figure 4 where two classes of
costs are distinguished. The latter is related to environmen-
tal compensations and taxes that does not represent “real”
operations where the technology can be applied and they
can differ significantly from region to region and from reg-
ulation to regulation. In the present analysis these aspects
constitutes above more than 1/4 of the total costs. The lat-
ter is related to construction and management operations/
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works and the results show that the most “10” relevant
costs are correlated to leachate disposal (both in opera-
tional and aftercare phases), to staff (also in both phases),
and to raw materials for liner construction.

Figure 5 represents the tornado chart for the sensitivity
analysis of the most relevant costs. The x-axis represents
the values of the total unit cost (€/m?3) for different values of
the independent unit prices. Each bar represents the range
of values produced when each independent variable (unit
price) is set to the lower bound, central value, and upper
bound (with the other variables being held constant). In the
present work, the central value is represented by the mean
value of the unit price used directly in the model, while the
lower and upper bounds were defined equal to -20% and
+20% of the central value.

The dark grey indicates that the value is produced by
the lower bound, while the light grey bar indicates that the
value is produced by the upper bound (high). The vertical
line between the two bars represents the mean value of
86.04 €/mé®. This analysis shows that a variation of & 20%
of the most significant unit prices determines a variation
lower than 2 € of the total unit cost.

With a reduction of 50% of the landfill tax for MSW
(the most sensitive unit price as reported in Figure 5) that
can occur if a separate collection greater than 50-60% is
reached, the total unit cost is reduced to 73.83 Euro/m?,
saving 12.21 Euro per cubic meter of MSW waste landfilled.

In conclusion, the obtained unit costs have been com-
pared to the values of the landfill gate fee for other Ital-
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ian Regions expressed as a function of the waste weight
(Andretta et al., 2010). The average value of the unit cost of
Figure 6 is 84.96 €/t relative to 78.22 €/t (density=1.1 t/m?)
obtained from the model landfill. This fact points out that
the correct average behaviour assumption for the model
landfill was reasonable and was also supported by the unit
cost point of view.

5. CONCLUSIONS AND FURTHER DEVELOP-
MENTS

Landfill costs were defined for a model landfill represen-
tative of Northern Italy that refers to the whole landfill life,
including the phases of design and authorization, construc-
tion, operation, and aftercare. Results were expressed per
unit of landfill volume available for waste and compared
with economic values obtained from a statistical analysis
of several landfill cases and from literature values of dif-
ferent Italian regions. The obtained landfill fee gate (86.04
€/m?) is in line with the analysed references and depends
mainly on the costs of the landfill tax, the contribution from
landfill environmental annoyances, the leachate disposal
fees, the staff, and raw materials for liner construction.
However, other factors can significantly influence the land-
fill gate fee: location (presence or not of an exhausted bor-
row pit, rather than mountainous or flat terrain; presence of
building, roads, network services, etc.), climatic conditions
(mainly for leachate production), waste quality for LFG and
leachate production, landfill geometry (in particular the
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FIGURE 4: Top detailed economic voices for the definition of landfill gate fee or the reference landfill model. Two classes of costs were
considered: environmental compensation and taxes and construction and management operation/works.
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Unit cost (Euro/m3)

83,00

Landfill tax - Municipal Waste (Euro/t)

Landfill tax - Special Waste (Euro/t)

Contribution for landfill environmental annoyance - Special Waste
(Euro/t)

Contribution for landfill environmental annoyance - Municipal Waste
(Euro/t)

Leachate disposal in aftercare period (Euro/m3)

Natural soil for top cover (Euro/m3)

Gravel for top cover (Euro/m3)

Clay for bottom liner (Euro/m3)

Leachate disposal in operational phase (Euro/m3)

Operation director for operational phase (Euro/h)

Technical-administrative employee for operational phase (Euro/h)

Technician responsible for operational phase (Euro/h)

Workman for aftercare phase (Euro/h)

Technician responsible for aftercare phase (Euro/h)

84,00 85,00 86,00 87,00 88,00 89,00
20,66 30,98
8,26 12,40

Upper bound M Lower bound

FIGURE 5: Tornado chart for the sensitivity analysis of the most significant unit prices.

ratio surface/height of waste), operative procedures (dai-
ly cover, utilization factor of the volumes, etc.), financial
aspects (area acquisition, interest rate for the investments,
financial guarantees, etc.) and legal aspects (pollution lia-
bility, contribution for environmental annoyance and landfill
tax).

This study can be used as a starting point for a compar-
ative economic analysis. For instance, the assumed model
landfill can represent a reference scenario useful for the
comparison of different landfill configurations (size, oper-
ational time, biogas recovery, etc.) and for the assessment

of new innovative technology applications, such as energy
crop application, in-situ aeration, and flushing.
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