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At international level LCA is being increasingly used to objectively evaluate the performances of different
Municipal Solid Waste (MSW) management solutions. One of the more important waste management
options concerns MSW incineration. LCA is usually applied to existing incineration plants.

In this study LCA methodology was applied to a new Italian incineration line, to facilitate the predic-
tion, during the design phase, of its potential environmental impacts in terms of damage to human
health, ecosystem quality and consumption of resources. The aim of the study was to analyse three dif-
ferent design alternatives: an incineration system with dry flue gas cleaning (without- and with-energy
recovery) and one with wet flue gas cleaning. The last two technological solutions both incorporating
facilities for energy recovery were compared. From the results of the study, the system with energy
recovery and dry flue gas cleaning revealed lower environmental impacts in relation to the ecosystem
quality.

As LCA results are greatly affected by uncertainties of different types, the second part of the work pro-
vides for an uncertainty analysis aimed at detecting the extent output data from life cycle analysis are
influenced by uncertainty of input data, and employs both qualitative (pedigree matrix) and quantitative
methods (Monte Carlo analysis).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Life Cycle Thinking (LCT) is an approach that takes into consid-
eration all the aspects of the life cycle of products and services be-
fore they are even planned, produced and distributed (Baldo, 2000;
Bauer et al., 2008, UNEP SETAC, 2007). The most important tool of
LCT approach is Life Cycle Assessment (LCA).

One of the principal actors at the international level active in
promoting initiatives to spread LCA methodology is SETAC, Society
of Environmental Toxicology and Chemistry. SETAC with its activ-
ity established the scientific basis that enabled ISO (International
Organization for Standardization) standardize the methodology.
One reason for the establishment of the SETAC guidelines and, la-
ter, of the ISO standards 14040-43 was the considerable misuse
of the LCA studies in comparative product assessments for market-
ing purposes (Klöpffer, 2006). In 2002, SETAC and UNEP (United
Nations Environmental Programme) together launched the Life Cy-
cle Initiative (Sonnemann and de Leeuw, 2006; Valdivia et al.,
2006), which aims to promote Life Cycle Thinking at global level
and to facilitate exchange of information between experts from dif-
ferent continents. The major publications about Life Cycle Initiative
are: UNEP, SETAC (2003), UNEP, SETAC (2004a,b), UNEP, SETAC
(2005a,b) and UNEP, SETAC (2007).
All rights reserved.

: +39 049 8275785.
At the community level, the two major initiatives for promoting
LCT are the European Platform on Life Cycle Assessment (http://
lca.jrc.ec.europa.eu), to extent the use of LCA methodology also
to the public sector (Breedveld et al., 2006) and the Co-ordination
Action for Innovation in Life-Cycle Analysis for Sustainability (CAL-
CAS) project (http://www.calcasproject.net), which primarily aims
at surpassing prevailing basic paradigms on life cycle assessment.
(Rydberg, 2007).

Italy has fallen behind its European neighbours in responding to
the new normative environmental framework, because of the lower
sensitivity and resolve displayed by both public and private organi-
zation in selecting the optimal LCA methodology that can render
sustainable policy more effective. As had already happened in the
other countries the need arose to develop a detailed picture of the
groups operating in Italy in the field of LCA, leading to the establish-
ment of a national network (named LCA Italian network), composed
of those who evinced interest in the methodology and are working
towards implementing it (Cappellaro et al., 2008). The first study
conducted by the network (Barbiero et al., 2006) showed how
LCA methodology, originally developed for assessing products’ life
cycle, was recently extended to effectively assess the environmen-
tal impacts of processes of different nature and origin. A relatively
new application of the methodology introduced from the Sixth
Action Programme and from which emanated the thematic strategy
on the prevention and recycling of waste (European Commission,
2005a) relates to integrated waste management. LCA presents a

http://lca.jrc.ec.europa.eu
http://lca.jrc.ec.europa.eu
http://www.calcasproject.net
mailto:scipioni@unipd.it
http://www.sciencedirect.com/science/journal/0956053X
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great development potential, especially in supporting the decisions
of planners and companies that manage collection, transport and
recycling/disposal of waste (Morselli et al., 2005).

Many studies have already demonstrated the potential of LCA as
a decision-supporting tool to evaluate different waste treatment
scenarios and highlight environmental hot spots (Arena et al.,
2003; Buttol et al., 2007; Cherubini et al., 2008; De Feo and Malvano,
2009; Messineo and Panno, 2008; Wittmaier et al., 2009), even if the
applicability of LCA for waste management planning is restricted by
certain limitations, some of which are characteristics inherent to
LCA methodology as such, and some of which are relevant specifi-
cally in the context of waste management (Ekvall et al., 2007).

The problem of waste management presents repercussions not
only from an environmental point of view but also socially and
economically, so it fits in perfectly with the sustainable develop-
ment concept. To permanently solve the question of waste man-
agement, it would be necessary to address the root of the
problem, adopting preventive measures to minimize production
of waste combined with other political initiatives aimed at intensi-
fying recycling and reuse. Zero waste refers to another approach to
living, where prosperity depends on decentralization and on a new
economic model embracing the ecological and social aspects
(Cherubini et al., 2008).

Originating in the concept of the so-called ‘‘waste hierarchy”,
prevention of waste production constitutes the basis of the current
European policy on waste. Ideally, in the first place, we should not
produce waste, and if this is not possible, waste must be reused,
recycled, and recovered, to limit landfill as far as possible (Euro-
pean Commission, 2006). This hierarchy should not be seen to be
a rigid prescription, because the environmental impacts of a waste
management system depend on a great number of geographic, eco-
nomic, social and technological factors. Different waste treatment
solutions can cause different environmental impacts (Buttol
et al., 2007; McDougall et al., 2001).

In order to assure appropriate management of the end of life of a
product we cannot think of only a management option; it is, there-
fore, necessary to think from an integrated waste management
point of view. We have to identify those solutions that best fit the
treatment of the different waste fractions. The use of recycling only
might not make sense if it is not in the presence of a market that
could handle the flows obtained; on the other hand, as defined by
European directives, it is no longer conceivable to exclusively use
landfills for disposal of waste (European Commission, 1999).

This context fits the role of municipal solid waste incinerators,
whose position is intensely debated at international level. At the
same time, municipal solid waste incinerators are the subject mat-
ter of different types of studies, intended to investigate their per-
formances from different points of view.

In fact, waste incineration is one of the most important activities
in an integrated waste management system, as it destroys danger-
ous waste, reduces the mass and volume of residues, and recovers
the energy content from unrecyclable materials. However, its use-
fulness is sometimes questioned because of its environmental im-
pact, particularly on a small scale due to the dispersion of
pollutants in the vicinity (Morselli et al., 2002a,b). LCA methodology
is usually applied to compare different waste management sys-
tems; there are only few studies carried out on existing incinerators
(Bonoli et al., 2004; Chevalier et al., 2003; Ciroth et al., 2002a,b;
Hellweg et al., 2001; Morselli et al., 2007). These studies want to
compare different incineration plant technologies (Ciroth et al.,
2002a,b; Hellweg et al., 2001; Morselli et al., 2007), or they aim to
compare different gas cleaning processes (Chevalier et al., 2003),
or the environmental performances of different waste disposal sce-
nario relative to the same plant (Bonoli et al., 2004). But the greater
part of LCA studies including incineration process give an assess-
ment about the best waste management options. They usually
compare incineration with landfilling (Cherubini et al., 2008), or
with other alternative strategies for energy recovery, such as gasifi-
cation (Giugliano et al., 2008) or different options for thermal treat-
ment and energy recovery (Wittmaier et al., 2009). LCA has been
applied to compare systems or subsystems of waste management
and treatment, and to identify which areas require an improvement
in terms of environmental performance (Bergsdal et al., 2005;
Birgisdóttir et al., 2007; Buttol et al., 2007; De Feo and Malvano,
2009; den Boer et al., 2007; Messineo and Panno, 2008; Rigamonti
et al., 2009; Özeler et al., 2006; Winkler and Bilitewski, 2007).
2. Objectives of the study

The present research considers a Life Cycle Assessment (LCA)
study, applied to the evaluation of environmental impacts deriving
from an incineration plant under design. There are three important
reasons that prompted the choice of this case study: first, the
awareness that LCA methodology is a scientific tool that can pro-
vide an objective evaluation. It is defined and standardized by
the ISO standards 14040-44 (ISO, 2006a,b), enabling the determi-
nation and quantification of the potential environmental impacts
of a process throughout its life cycle. It should be stressed that
ISO 14040-44 standards refer to potential impacts, because LCA
as opposed to other environmental analysis tools such as environ-
mental impact assessment and risk assessment does not investi-
gate the real effects on final receptors (Girardi, 2003).

Secondly, it should be borne in mind that there is a lack of LCA
studies relating to plants under design in literature. LCA studies on
incineration plants usually tend to analyse the performances of
working plants (Bonoli et al., 2004; Ciroth et al., 2002a,b; Hellweg
et al., 2001; Morselli et al., 2007), or dwell on comparisons with
different waste management options (e.g. Arena et al., 2003; Buttol
et al., 2007; Cherubini et al., 2008; Liamsanguan and Gheewala,
2007). This study reveals that LCA methodology can provide pre-
dictive information about potential environmental impacts of an
incineration system that is not yet functional, through the analysis
of three different design solutions. It allows detecting sensitive
points whereby it is possible to intervene with the most technolog-
ically advanced solutions.

Finally, there is a statistically based uncertainty analysis on the
results obtained from the LCA study, in relation to the technologi-
cal solution presenting less environmental impacts. Uncertainty
analysis is utilized to overcome the limitations inherent in the
methodology that prevent a clear interpretation of the results, ow-
ing to uncertainties and changes in the usage data. Uncertainty
analysis means the systematic study of the propagation of input
uncertainties into output uncertainties. If uncertainties of the pro-
cess data are specified, for instance in the form of a Gaussian dis-
tribution with a certain standard deviation that may differ per
process data item, the uncertainty analysis will produce standard
deviations or confidence intervals for the results of the inventory
(Heijungs et al., 2005). In a LCA study there are at least two types
of uncertainty involved: one is the normal uncertainty associated
with the determination of a parameter in a given system, the other
is associated with the choice of such a parameter value that repre-
sents a value in another similar system (Steen, 1997). Very often
the uncertainty over the amount of a specific input or output can-
not be derived from the available information, since there is only
one source of information that provides the average value, without
any measures of the uncertainty of that value.
3. Materials and methods

The present paper considers a single case study undertaken to
evaluate the environmental performances of the incineration pro-
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cess of different design solutions, using a Life Cycle Assessment
study. The case study relates to an Italian incinerator; it analyses
three different design solutions for the installation of a new muni-
cipal solid waste incineration line.

The incinerator consisted of two working incineration lines,
which were the subjects of a previous LCA study, and a third incin-
eration line will be built next to them. The third line will be able to
handle an amount of waste (300 tons/d) which is twice the quantity
currently treated by the existing plant. The type of waste sent to
combustion will be the unrecyclable waste from separated collec-
tion, with a lower heat value of 12.558 kJ/kg. The expected energy
recovery efficiency of the plant is 0,444 kWh per t of MSW burned.
This value is in line with the values reported in literature for electric
energy production from MSW: about 0.5 MWh per t of waste
burned (Morris, 1996), from 0.134 MWh/t to 0.540 MWh/t (Morselli
et al., 2007), about 0.3–0.7 MWh/t (European Commission, 2005b).

This new incineration line (henceforth ‘‘line 3”) is analysed to
identify its strong points and weak points, evaluating its effects
on human health, ecosystem quality and consumption of re-
sources. The study aims to highlight the most sensitive and
impactful phases of the incineration process. For this purpose,
LCA methodology yields an evaluation of the energy and environ-
mental burdens, related to all the phases of the incineration pro-
cess. Comparisons have been drawn between three different
design alternatives for line 3, analysing its performance from a
comprehensive life cycle point of view.

The first part of the study detects the most impactful phases of
the entire line 3 incineration process (solution with flue gas clean-
ing), without considering energy recovery. This way the incinerator
presents only the function of waste disposal, as Doka (2003) states.
In accordance with the Ecoinvent database, he believes that all the
impacts deriving from waste incineration should be allocated to
the function termed ‘‘waste disposal”. This assumption is largely
based on the fact that electricity used from waste contributes only
a small part of the total yearly net income of a MSWI (roughly 5–
10%). As a consequence, it was decided to allocate the full burden
of the waste disposal process to the waste disposal function and
0% to the energy produced.

In the second part of the study, the same incineration process of
line 3 is analysed considering also energy recovery.

The LCA study was conducted using the SimaPro 7.1 software,
compatible with the Windows environment and developed by
the Dutch company PRé (Product Ecology Consultans), on behalf
of the Dutch Environment Ministry. This software finds widespread
use in LCA studies (Bonoli et al., 2004; Brambilla Pisoni et al., 2006;
Morselli et al., 2007; Rigamonti et al., 2009), and was chosen in the
inventory and impact assessment phases because of its reliability,
interactive potentiality, and facility to change and adapt. The dat-
abases utilised (BUWAL 250, Ecoinvent, ETU-ESU 96, IDEMAT
2001, Italian database I-LCA) were chosen for their capacity to real-
istically describe the processes under consideration. Noted below
Table 1
List of databases from the SimaPro7.1 or used in the present study.

Database Origin of the data

BUWAL 250 Switzerland
Danish input–output database Denmark
Ecoinvent Switzerland
ETU-ESU 96 Switzerland, Western Europe
Franklin US LCI United States
IDEMAT 2001 Denmark
LCA food DK –
US input–output database United States
Industry data Mixed
Banca dati italiana I-LCA Italy

a It was not possible to find the reference years of the collected data.
in Table 1 is a list of databases included in the software and/or used
in the present study, recording in it are details such as their origin,
the reference years of the data collected, and the sources from
which they originate.

The present study was conducted meticulously following the
requirements of ISO 14040:2006 and ISO 14044:2006. Chapter 4
in detail describes the conduction of the study.

From the methodological point of view the uncertainty analysis
in the LCI was implemented with a mixed approach combining
qualitative and stochastic quantitative methods. In general, uncer-
tainty typical of LCA methodology can be evaluated using different
approaches. By qualitative assessment is meant utilising the used
data as a means to not merely assess their quality but also as a
measure to quantify all the inherent variations and uncertainties
in a LCA. The method adopted in the present study is derived from
Sonnemann et al. (2003), integrating it with a simplified procedure
used to quantify data uncertainty derived from the Ecoinvent data-
base. This simplified approach includes a qualitative assessment by
data quality indicators (reliability, completeness, temporal correla-
tion, geographical correlation, further technological correlation
and sample size) on the basis of a pedigree matrix. This matrix
was developed and introduced by Pedersen Weidema and Wesnae
and has been so named (pedigree matrix), as the data quality indi-
cators refer to the history or origin of the data just as a genealogic
tree traces the pedigree of an individual (Pedersen Weidema and
Wesnaes, 1996).

The third part of the study deals with the comparison between
the incineration process with dry flue gas cleaning, and a different
design alternative, based on a wet flue gas cleaning, in order to
compare their environmental performances from a life cycle point
of view. In this way, it is possible to extend the comparison to the
performance of the incineration system as a whole, without focus-
ing on the gas cleaning system alone, as usually happens (see for
instance Chevalier et al., 2003). Benefits and disadvantages on a
global scale should be analysed even at the plant level. The results
of the comparison will provide the basis to judge which design
alternative is the best in terms of potential environmental impacts.
4. Conduct of the study

4.1. Goal and scope definition

The goal of the study was the assessment of environmental im-
pacts associated with the life cycle of 1 ton of municipal solid
waste, which is assigned to and disposed by the third line of the
incinerator as this section of the plant becomes functional.

As for the expected scope, it should be defined primarily in
terms of the function of the system; in this case MSW disposal
and consequentially the functional unit is 1 ton of unrecyclable
waste emerging from separated collection during the course of
Reference year Source

a SimaPro
1999 SimaPro
2000 SimaPro
1996 SimaPro
End of 90’s years SimaPro
a SimaPro
a SimaPro
1998 SimaPro
a SimaPro
2000 ANPA
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one year. All the processes of line 3, which allow burning of the
waste assigned to the line comprise the product system.

The definition of system boundaries includes as inputs the
waste admitted into the plant, water, reactants, auxiliary materials
and energy consumption of the different sections, materials used
for the construction of civil works and electromechanical equip-
ments, industrial land occupied. As outputs, all the products ema-
nating from the incineration process are analysed: air, water and
soil emission, solid residues (such as bottom ash, boiler and fly
ash), sewage sludge, and recovered iron.

All the phases of the incineration process considered inside sys-
tem boundary are included in Fig. 1, in relation to the incineration
process with dry flue gas clearing, and in Fig. 2 in relation to the
incineration process with wet flue gas clearing. All energy and
material input and output are included; considering also the build-
ing material and electromechanical equipment recovery for every
phase or process.

No impacts deriving from separated collection of waste or from
refuse vehicles transporting waste from the deposit sites to the
incineration plant were considered. The impacts generated by solid
residues treatment were considered, including the amount of slag
disposed in landfill or recovered, and the stabilisation process with
cement involving boiler ash, fly ash and sewage sludge before they
are disposed in landfill.

In accordance with the zero burden assumption, it is assumed
that waste does not contain any credits related to the impacts gen-
erated during the previous stages of their life cycle (McDougall
et al., 2001; Buttol et al., 2007).

Another assumption relates to the avoided burdens approach,
which was applied to energy and material recovery. As waste
incineration allows coproduction of electric energy, this can in
Fig. 1. Block diagram of the processes
some way save electricity generated by traditional methods. By
avoided electricity generation the avoided inputs and outputs from
the production of the Italian electricity mix are taken into account.
Increasing the recovery and effective supply/use of the energy va-
lue of the waste replaces the need for the external generation of
this energy, resulting both in a saving of the resources and in
avoiding the emissions and consumptions of the avoided external
energy generation plant (European Commission, 2005b).

Also the avoided burdens from the recovered iron and steel of the
building materials and electromechanical equipments were mod-
elled, also considering the impacts of the transport from the incin-
eration site to the recovery plant. The avoided burdens approach
is widely used as a location method (Buttol et al., 2007; Morselli
et al., 2007) and ISO 14040-44 implicitly supports it, even at the cost
of criticism from some sources (Heijungs and Guinée, 2007).

4.2. Inventory analysis

Inventory analysis is doubtless the most sensitive phase of
the study, as it requires collection of as much data as possible in
order to create a very accurate model of the system under study.
For this purpose it was necessary to first construct a block diagram
of the incineration process installed for the new line 3; with this
diagram it was possible to trace all the relevant phases of all
processes involved in the life cycle of the incineration process ana-
lysed. The technological solution first considered is equipped with
a dry flue gas cleaning including these sections for effluent
purification:

� a first stage dry depuration: in line reactor with hydrated lime
and bag filter;
of the third line of incineration.



Fig. 2. Boundaries of the incineration system with wet flue gas cleaning.
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� a second dry stage with Venturi reactor with sodium bicarbon-
ate injection and bag filter;

� Gas preheating system through exhausted gas – steam heat
exchanger;

� Selective Catalytic Reactor (SCR);
� Final energy recovery with exhausted gas – condensate heat

exchanger.

The flow diagram reproduced in Fig. 1 shows the input and out-
put mass and energy flows. These were collected for all sections
and sub-processes of the line in respect of mass and energy balance
as well as for the process as a whole. Starting from its flow diagram
the incineration process was subdivided into a series of sub-pro-
cesses, which were individually analysed in order to identify their
inputs and outputs.

The greater part of the data relative to each section were pri-
mary data; they were found consequent to a detailed analysis of
the documents relating to the executive project, through meetings
with technicians and designers, and through visits to the existing
plant. Data not obtained by these methods were acquired using
databases in the software and from those accorded recognition at
the international level (see Table 1). The used processes for avoided
energy production are those relative to the production of the Ital-
ian electricity mix, choosing the data from Ecoinvent database.

In Table 2 the main resources used, auxiliary materials con-
sumption, and the residues coming from the plant are reported,
both for the incineration process with dry flue gas cleaning (named
‘‘Dry”), and for the incineration process with wet flue gas cleaning
(named ‘‘Wet”). Table 3 presents the Emission factors of pollutants
in gaseous emission for the two technological solutions investi-
gated. They are based on anticipatory estimate, which are inside
the range of the emission levels associated with the BAT, Best Avail-
able Technologies (European Commission, 2005b). The data of the
these two tables are normalized based on 1 t of combusted waste.

4.3. Impact assessment

SimaPro, with a suitable function, is able to classify inventory
data into appropriate impact categories, depending upon the
method chosen for impact assessment. The use of this software
allowed to model the incineration process with the specific
assumptions and parameters previously made.

In this study the Ecoindicator 99 method was chosen for impact
assessment: its structure is represented in Table 4. It allows to
grouping together of a great number of datasets in a series of
impact categories (characterization phase). The impact categories
relate to three categories of damage (damage assessment phase).
At the end of the evaluation each damage category was given a glo-
bal score.

The three damage categories considered by the methodology
were:

� Human Health: damage expressed as Disability Adjusted Life
Years [DALY], a parameter which shows the decrease in life
expectancy because of premature death or permanent or tempo-
rary disability;

� Ecosystem Quality: damage expressed as Potentially Disappeared
Fraction [PDF*m2*year] that is the percentage of species facing
risk of extinction or extinguishment in a specific area and in a
specified period of time;



Table 2
Solid residues, energy, water and auxiliary materials consumptions, normalized for 1 t of combusted waste for the two technological options.

Dry Wet

Residues Bottom ash (t/t MSW) 0.188 0.241
Boiler and fly ash (t/t MSW) 0.066 0.055

Consumption of energy and water Electric energy (MWh/t MSW) 0.151 0.145
Natural gas (Nm3/t MSW) 3 3
Industrial water (m3/t MSW) 0.44 1.20

Consumption of auxiliary materials Hydrated lime (kg/t MSW) 17.6 –
NaHCO3 (kg/t MSW) 4.48 32
Activated carbon (kg/t MSW) 1.44 0.80
Ammonia (kg/t MSW) 3.918 –
Urea (kg/t MSW) – 7
NaOH (kg/t MSW) – 0.40

Table 3
Emission factors of pollutants in gaseous emission from incinerator (based on
estimate) for the two technological options.

Dry Wet

CO2 (t/t MSW) 112.80 115.85
CO (g/t MSW) 205.15 205.20
Particulates (g/t MSW) 10.26 13.68
TOC (g/t MSW) 8.89 8.89
HCl (g/t MSW) 20.52 20.52
HF (g/t MSW) 1.37 1.37
SOX (as SO2)(g/t MSW) 20.52 20.52
NOX (as NO2) (g/t MSW) 478.69 1231.26
Hg (mg/t MSW) 6.84 13.68
PAH (mg/t MSW) 6.84 6.84
NH4 (g/t MSW) 34.19 68.40
PCCD + PCDF (ng/t MSW) 68.38 342.02
Cd + Tl (mg/t MSW) 68.4 68.4
Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V, Sn (mg/t MSW) 683.81 683.81

Table 4
Representation of impact categories and damage categories used by the Eco-Indicator
99 method with their units of measure.

Impact categories Damage
categories

Unit of measure

Carcinogens
Respiratory organics Human health DALY (disability adjusted

life Years)Respiratory inorganics
Climate change
Radiation
Ozone layer

Ecotoxicity Ecosystem quality PDF�m2�year (potentially
disappeared fraction)Acidification/eutrophication

Land use

Minerals Resources MJ surplus
Fossil fuels
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� Resources: expressed in terms of surplus energy [MJ surplus]
required for the extraction of resources for future consumption.

The impact assessment phase includes mandatory elements
(classification and characterization) and optional elements (nor-
malization, grouping, weighting), as stated in the ISO standards
(ISO, 2006a,b). The optional elements can be used depending on
the goal and scope of the LCA; in this case study the impact assess-
ment was carried out until the characterisation step. There was no
normalisation or weighting of the impact, as these phases intro-
duce subjective values (Reap et al., 2008).

5. Results

The results of the characterization phase are a series of bar
charts, which can have both a positive and negative value: a posi-
tive value means a positive environmental impact and as a conse-
quence a damage at environmental level. On the contrary a
negative value means a negative environmental impact, which is
equivalent to an avoided burden. In the bar chart the balance re-
lated to every impact category is positive or negative, the rating
being accorded by the software, which compares the obtained va-
lue to 100. If there is an environmental damage the value is +100,
but if there is an avoided burden, then the value is �100. Conse-
quently all the contributions of all sub-processes are recalculated
so that the sum of the values of all sub-processes is, respectively
+100 or �100. The results are presented using both midpoint cat-
egories (in relation with the Ecoindicator 99 characterization
phase), and endpoint categories (in relation with the Ecoindicator
99 damage assessment phase). Both types of categories were used
in order to give an interpretation to the results from different
points of view. Impact category selection is, indeed, a key element
in the interpretation of the results (Reap et al., 2008).

5.1. With or without energy recovery

In Figs. 3 and 4 are shown graphic representations as a percent-
age of contributions of single sub-processes to impact categories
(Fig. 3), and to damage categories (Fig. 4) considering the option
with dry flue gas cleaning without energy recovery.

As production of electrical energy was not taken into consider-
ation here in the first part of the analysis, every impact category re-
veals a positive value, thereby determining an environmental
damage. In the damage assessment phase all the impact categories
having the same units of measure are grouped into an only damage
category, whose value is equal to the sum of the values of the im-
pact categories it comprises. Below in Table 5 there is a represen-
tation of total values relative to the three damage categories
Human Health, Ecosystem Quality and Resource, with their units of
measure: DALY, PDF*m2*yr and MJ surplus.

For the damage category Human Health there is a damage equal
to 2.41E�5 DALY and is attributable to the impact categories Cli-
mate change (2.37E�5 DALY), Respiratory inorganics (1.83E�7
DALY) and Carcinogens (1.69E�7 DALY). On analyzing the contribu-
tions to every single impact category it emerges that for the cate-
gory Climate change the damage depends on air emission (99.8%),
more particularly because of carbon dioxide emissions and, to a
small degree, because of carbon monoxide emissions. For the im-
pact category Respiratory inorganics the impact is attributable to
the sub-process ‘‘Dry filtration”, because of the stabilization pro-
cess and disposal of dust coming from bag filters. These operations
require the production and use of 1 kg of cement for every kg of
treated dust and the transport of the cement to the disposal site.
The substances responsible for the impact are mainly NOX and par-
ticulates. For the category Carcinogens, the negative impact derives
mainly from the sub-process ‘‘Dry filtration”, because of dust stabi-
lisation and landfill disposal at another site situated in Northern



Fig. 3. Graphic representation of characterization phase relative to the process ‘‘Line 3” with dry flue gas cleaning, without energy recovery.

Fig. 4. Graphic representation of damage assessment phase relative to the process ‘‘Line 3” with dry flue gas cleaning, without energy recovery.

Table 5
Results of the damage assessment phase of the incineration process of line 3 with dry
flue gas cleaning, without energy recovery.

Damage category Unit of measure Total

Human health DALY 2.41E�05
Ecosystem quality PDF�m2yr 0.0145
Resources MJ surplus 0.274
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Italy. The damage is essentially account of the leachate purification
processes, leading to introduction of cadmium and arsenic into
water.
For the damage category Ecosystem Quality, the damage is equal
to 0.0145 PDF�m2yr, owing to impact categories Ecotoxicity
(0.00673 PDF�m2yr), Acidification/Eutrophication (0.00576 PDF�
m2yr) and Land Use (0.00201 PDF�m2yr). The most impactful pro-
cess in the category Ecotoxicity is ‘‘Dry filtration”, caused by dust
stabilization and the landfill disposal process, which introduces cad-
mium and zinc ions into water. In the impact category Acidification/
Eutrophication, the most impactful process is ‘‘Stack emission”
caused by nitrogen oxides (478.69 g/t waste) and sulphurous
anhydride (20.52 g/t waste) emissions in air. Finally, the damage
of the category Land Use depends primarily on the sub-process



Table 6
Results of the damage assessment phase of the incineration process of line 3, referring to the two technological solutions compared.

Damage category Unit of measure Dry + energy recovery Wet + energy recovery

Human health DALY 2.37E�05 2.44E�05
Ecosystem quality PDF�m2yr �0.0037 �0.0001
Resources MJ surplus �0.5514 �0.5484

Table 7
Results of the characterization phase for the incineration process of line 3
‘‘Dry + energy recovery”.

Impact category Unit of measure Total

Carcinogens DALY 1.63E�07
Resp. organics DALY �1.14E�10
Resp. inorganics DALY �7.81E�08
Climate change DALY 2.36E�05
Radiation DALY 2.99E�10
Ozone layer DALY �8.68E�12
Ecotoxicity PAF�m2yr 4.97E�04
Acidification/eutrophication PDF�m2yr �2.91E�03
Land use PDF�m2yr �1.28E�03
Minerals MJ surplus 2.43E�03
Fossil fuels MJ surplus �5.50E�01
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‘‘Dry filtration”, the causes of which are the use of cement on indus-
trial soil for dust stabilization and electric energy.

The damage category Resources has a damage equal to 0.274 MJ
surplus; it relates to the 0.27 MJ surplus in the impact category
Fossil fuels, and to the 0.00336 MJ surplus in the category Minerals.
In relation to these last two impact categories, damage is due
firstly to ‘‘Dry filtration” and ‘‘Energy recovery” sub-processes, be-
cause of import and use of fuels in producing electric energy re-
quired for operating the equipment. It is important to highlight
that this damage will be fall into perspective when considering
the electric energy production of the line 3, which does not draw
energy from the external system, but uses what it produces.

Later, in the second part of the study, electric energy production
derived from waste incineration was considered. As noted earlier
this incinerator was being studied not only for the waste disposal
Fig. 5. Graphic representation of the characterization phase relative to the incin
function, but also for the production of electricity, and such energy
produced by incinerators helps to save fossil energy vectors and uti-
lize energy generated from waste. It should also be emphasised that
energy recovery is a necessary condition for new incineration
plants and so it is not possible to separate the two functions. Some
sources (Doka, 2003) opine that energy production is clearly not the
most important aim of MSW incinerators, but is a by-product and
all such burdens of waste incineration and subsequent processes
are to be allocated to the function ‘‘waste disposal”; consequently
the generated heat or electrical energy is free of any burden.

In relation with the option with energy recovery, the results of
the damage assessment phase are summarised in Table 6. It gives
an overview of the score of the damage assessment phase in rela-
tion to the two technological options compared.

Referring to the option named ‘‘Dry + energy recovery”, the re-
sults of the characterization phase are summarised in Table 7,
which shows that for the damage category Human Health, the cat-
egories entailing a negative environmental impact are: Respiratory
organics, Respiratory inorganics, and Ozone layer. The remaining im-
pact categories (Carcinogens, Climate change and Radiation) cause
an environmental damage. As an absolute value, this exceeds the
aggregate advantage and so the global value of the damage cate-
gory Human Health turns positive, showing an environmental
damage.

Referring to the damage category Ecosystem Quality there are
impact categories like Acidification/Eutrophication and Land use pre-
senting a negative value, while Ecotoxicity has a positive value and
consequent environmental damage. With reference to the damage
category Resources, the impact category Minerals presents a posi-
tive value, unlike Fossil fuels, which is characterized by a negative
value.
eration process of line 3 with dry flue gas cleaning, with energy recovery.
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In the figures below, the bar charts relate to the characterization
phase (Fig. 5) and damage assessment phase (Fig. 6), and include
energy recovery. They show processes that are largely positive or
negative and contribute to the environmental impacts of the single
damage and impacts categories.

5.2. Uncertainty analysis

As expected by ISO standards (ISO, 2006a,b) the present study,
also incorporated an uncertainty analysis (Fig. 7) relative to the en-
ergy recovery configuration of the incineration process with dry
flue gas cleaning. It aimed at assessing the extent to which uncer-
tainty of the input data can affect the results of the study, using a
procedure from Frischknecgìht et al. (2005), and adopting for the
selection of the most important data a technique developed from
Sonnemann et al. (2003). After selecting the most appropriate data,
the quantitative uncertainty analysis was undertaken using Monte
Carlo analysis as a casual sampling method (Heijungs et al., 2005;
Hung and Ma, 2009).

The results of the uncertainty analysis are given using bar
charts; they show 95% confidence interval for the damage catego-
ries, that is the interval that includes 95% of the results and their
probability distribution is related to the three damage categories.

As a consequence the probability distribution for the categories
Human Health and Resources presents a regular trend, unlike for the
Ecosystem Quality category, which is the most affected by uncer-
tainty on input data.

5.3. Comparison with an incineration system having a wet flue gas
cleaning

The third phase relates to the comparison with an incineration
process, characterized by a wet flue gas cleaning system including
the following processes and equipment: electrostatic precipitator,
dry absorption reactor, bag filter, gas–gas heat exchanger, scrub-
bing tower, and post-heating exchanger.

The LCA study was conducted adopting the same assumptions
used for the incineration process with dry flue gas cleaning. The re-
sults of the characterization phase are shown in Fig. 8.
Fig. 6. Graphic representation of the damage assessment phase relative to the in
This comparison reveals that the incineration system with dry
flue gas cleaning has greater impacts in these categories:

� Carcinogens: due to the higher level of dust produced by the pro-
cesses. Dust is the major cause of the damage related to this
category.

� Radiation: due to use of electric energy, which is only partially
compensated by the avoided impacts of its production.

� Ozone layer: due to the predominant use of PTFE in bag filters;
PTFE is a material responsible for atmospheric emission contrib-
uting to ozone layer depletion. Further, there are two bag filters
in the dry configuration, as against only one in the wet
configuration.

� Ecotoxicity: arsenic and cadmium contamination in water is
directly influenced by the quantity of dust transported to land-
fills. Such contamination is mainly responsible for the damage
in this category.

� Land use: due to the massive soil use for production of reactants.
� Minerals: because of higher consumption of electricity.

On the other hand, the configuration with dry flue gas cleaning
reveals better performance, having less environmental impact, or
greater avoided impact, in relation to the categories below:

� Respiratory organics: because of lower emission levels of organic
compounds.

� Respiratory inorganics: because of lower stack emissions in rela-
tion to nitrogen oxides, ammonia, particulates, and sulphur oxi-
des; with regard to nitrogen oxides, cogeneration of electric
energy results in avoided emissions, offsetting stack emissions
of these composites. Use of the dry configuration confers great
environmental benefit in this category.

� Climate change: is attenuated by reduction in emission of carbon
dioxide (which is the single factor greatly responsible for this
damage).

� Acidification/Eutrophication: the lower nitrogen oxides and sul-
phuric anhydride emissions lets this impact category acquire a
negative value in the dry configuration and a positive value in
the wet configuration.
cineration process of line 3 with dry flue gas cleaning, with energy recovery.



Fig. 7. Graphical representation of the results from uncertainty analysis through bar charts (up on the left) and through probability distributions relative to the damage
category human health (up on the right), ecosystem quality (down on the left) and resources (down on the right).

Fig. 8. Graphic representation of the comparison between the two configurations with energy recovery in relation to the characterization phase.
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� Fossil fuels: savings here are owing to the higher electric energy
produced per ton of waste.

The results of grouping the impact categories into the damage
categories are presented in Fig. 9.

Analysis of the results of the comparison reveals that the dry
incineration system assures reduced environmental impact in
relation to Human Health, greater avoided impact in relation to
Resources, and in even greater measure for Ecosystem Quality.
6. Discussion

The first part of the study considered waste disposal as an incin-
erator’s sole function, ignoring energy recovery, hence the pro-
cesses with the highest impact for each damage category, were
seen to be:

� For Human Health: climate change effects, due to stack emis-
sions and most of all due to carbon dioxide emissions.



Fig. 9. Graphic representation of the comparison between the two configurations with energy recovery in relation to the damage assessment phase.
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� For Ecosystem Quality: dust transported for landfill treatment,
consequently determining cadmium and arsenic emission in
water.

� For Resources: use of electric energy relative to the different sec-
tions and processes in the plant, as well as due to natural gas
consumption for auxiliary burners of the combustion and post-
combustion phases.

This scenario is radically different if we introduce the energy
recovery function, which allows production of electricity exploit-
ing the heat from flue gases. In this way environmental damages
predicted for all the three damage categories, are broadly compen-
sated by production of energy, thereby avoiding use of the like
amount of energy obtained from fossil fuels exploitation, which
constitutes the greater part of Italian energy mix (biblio). For two
of the three categories (i.e. Ecosystem Quality and Resources) intro-
ducing energy recovery caused the environmental impact turn
negative, that is it is an avoided damage, while for Human Health
the advantages due to energy recovery do not mitigate the dam-
ages due to CO2 emissions. It should be noted that data relative
to air emission, like such as data relative to water, reactants and
electric energy consumptions, are in the nature of forecast data,
based on calculation estimates and not on effective measures, so
are overestimated as an abundant precaution.

As an integral part of interpretation of results, an uncertainty
analysis was also conducted in order to explain how uncertainties
in input data affect final results of the study. This operation was
made possible through the use of Monte Carlo statistical analysis,
thanks to the identification of those processes that for the most
part influence the final results of the evaluation (Sonnemann
et al, 2003).

Monte Carlo analysis revealed that uncertainty for the categories
Human Health and Resources is relatively low, while the results pre-
senting greater uncertainty relate to the damage category Ecosys-
tem Quality, as it has the greater number of significant processes.
Some of these processes appear again in other sub-processes, so
that the uncertainty value is amplified. In order to improve the
study’s reliability, it was important to intervene in processes
mainly affecting this damage category, for instance improving the
description of processes involved in the process of dust disposal
in landfill.

From analysis of the results of the comparison between the two
incineration systems, one with dry flue gas cleaning and the other
one with wet flue gas cleaning, it becomes apparent that the first
gas treatment system assures the following advantages:

a. A considerable improvement in nitrogen oxide emissions
can be achieved by the substitution of the DeNOx SNCR
(Selective Non Catalytic Reactor for NOx abatement) with
the urea injection system with SCR (Selective Catalytic Reac-
tor) system fed with ammonia. The SCR system produces a
higher abatement level, and while also allowing efficient
dioxins removal and destruction, which SNCR does not.

b. A reduction of particulates, sulphur oxides, and ammonia
emissions.

c. An energy cycle improvement of about 1%, in terms of elec-
tric energy given to the national electric network, with an
environmental benefit in terms of lower global CO2

emission.
d. Water and wastewater reduction, which determines a

decrease in sewage production.

In terms of damage categories, the improvements reported
above determine less damage for the category Human Health,
essentially because of CO2 percentage reduction. There are greater
avoided impacts in reference to Resource on account of the greater
energy recovery proportionate to the waste treated, but what
mainly emerges is that the dry configuration presents in absolute
terms greater avoided impact for the category Ecosystem Quality
(Fig. 9). The reasons for such a difference result in the damage cat-
egory Ecosystem Quality derive from the differences between the
two technological solutions in relation to the results of the charac-
terization phase (Fig. 8). The impact categories responsible for the
damage category Ecosystem Quality are Ecotoxicity, Acidification/
Eutrophication and Land use. The category which mainly influence
the result of the damage category is Acidification/Eutrophication.
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As the incineration system with dry flue gas cleaning assures a
considerable improvement of sulphur oxides, nitrogen oxides and
ammonia emissions, it reveals a lower score in this category (see
Table 6). The other two impact categories reveals better perfor-
mances for the incineration system with wet flue gas cleaning: Eco-
toxicity presents negative value for this technological solution,
while positive for the dry flue gas cleaning, because of the greater
arsenic and cadmium contamination into water, due to the greater
dust production for the solution with dry flue gas cleaning. The
Land use category has a greater negative score for the incineration
system with dry flue gas cleaning because of the massive soil use
for production of reactants, which is greater than the use for the
other incineration system.

The use of LCA methodology for the comparison of the two
incineration systems expected for the same plant demonstrates
that in a global life cycle perspective the dry system is the best
from the environmental performances point of view in relation
to the points of view of human health, ecosystem quality, and con-
sumption of resources.
7. Conclusions

In this study the results reported are of the assessment of po-
tential environmental impacts relative to the expansion plan of
an Italian incinerator. Three different design solutions relative to
a third line under design were analysed: a dry incineration system
without and with energy recovery and a wet incineration system
with energy recovery, were used to compare the performances of
the last two alternatives. This analysis was conducted applying Life
Cycle Assessment methodology, which is defined by ISO 14040:2006
and ISO 14044:2006 standards. It was put into practice using the
code SimaPro 7.1, while adopting the Ecoindicator 99 method for
the impact assessment phase. In this way it has been possible to
discern the most impactful phases of the incineration process in
terms of impacts or avoided impacts with respect to the damage
categories Human Health, Ecosystem Quality, Resources.

In respect of the research’s objectives initially established, it
should be emphasized that LCA has revealed a useful and reliable
tool for determining environmental impacts relative to all phases
of the incineration process, including incineration process residues
management, related civil works and equipment construction. In
fact an accurate census of all building materials used for electro-
mechanical equipments and civil works was made. It is important
to observe that the results of the analysis are closely dependent on
the type of data used in conduct of the study. Even if predomi-
nantly primary data were used, some consumption data (for in-
stance, purifier’s reactants) were obtained through estimates or
comparisons between the two existing lines of the incinerator.

Secondly, LCA methodology is able to provide useful informa-
tion in the design phase, as it allows identification of the planning
alternative thereby assuring lower environmental impacts.

From a life cycle point of view, the dry incineration system with
energy recovery is able to assure greater avoided impacts for the
category Ecosystem quality and Resources, while fewer impacts were
observed for the category Human Health. But these considerations
give an assessment relative only to environmental performance
and they have to be integrated with technological and economic
evaluations. These are outside of the scope of this study.

Finally, uncertainty analysis allowed identification of the dam-
age category largely influenced by the uncertainty of input data,
using a combined analysis approach from a qualitative (assessment
of some data quality indicators) and quantitative (Monte Carlo
analysis) point of view. It should be noted that also the calculation
procedure used presents some limitations, for instance it does not
consider correlation influence on uncertainty (Frischknecgìht et al.,
2007). It happens indeed with some frequency that the input and
output of a unit process (and thus the correlated uncertainty) are
dependent upon each other. For instance, input fuels and CO2 emis-
sions present a linear relation, but are treated as independent in
the current uncertainty calculations, which tends to overestimate
the uncertainty of real processes.

With the type of analysis used it was possible to find, in general,
the processes in which we need to improve the quality of input
data. A further extension of uncertainty analysis could, for exam-
ple, be an assessment of the uncertainty on the input data in differ-
ent design alternatives or in different LCA studies. The uncertainty
analysis was conducted only in relation to the incineration system
with dry flue gas cleaning, and it is a limit of the present study. It
would be interesting to conduct an uncertainty analysis also in
relation to the incineration system with wet flue gas cleaning.
The uncertainty analysis revealed that the quality of the input data
for the processes responsible for the damage to Ecosystem quality
category need to be improved.

The present study, limited to the assessment of the incineration
process performances, can be a starting point for performing a
most detailed analysis of different waste management options in
the referential urban context, in order to identify the best waste
management options which have to be adapted to this local con-
text. In this way it would be useful to assess how far it is conve-
nient to go with the separated collection of waste approach,
while comparing different disposal scenarios.

As the line 3 will become functional, it would be interesting to
update and repeat this study with real and not estimated con-
sumption data. In which case, comparing the performances of the
line 3 with those of the existing two lines, to verify if the estima-
tion in terms of less environmental impacts for the line 3 is con-
firmed by the analysis of the life cycle of different incineration
processes.

In the end, as results emerging from models have several times
demonstrated, an important contribution to all three damage cat-
egories is due to the final disposal of particulates and ashes in land-
fills. As a result, it would be interesting to assess and compare
different ash treatment alternatives. It has not been done in this
LCA study, and this is a limit of the present study. In the two exist-
ing lines of the incineration plant studied, an ashes vitrification
process is presently in progress, but other treatment could be used.
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