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Abstract

LCA is a popular tool widely used to assess the environmental impact of waste management systems,
which is illustrated by the substantial number of LCA computer models specifically addressing this subject.
Due to the complex nature of waste management modelling and the range of country-specific data, as well as
lack of harmonization, it has been observed that there are large discrepancies between the results using differ-
ent models. Many studies have underlined the necessity of clearly identifying both the scope and method-
ological assumptions of LCAs in order to have confidence in the results. Therefore, the paper presented here
reveals several methodology-related issues. The study tests two different pieces of LCA software, i.e. [IWM-2
(designed specifically for MSW) and SimaPro (a generic and widely used LCA software). The pieces of soft-
ware were used to LCA an MSW scenario and the results obtained (calculated using Ecoindicator’99 H/A)
were compared to show the strengths and weaknesses of these tools, i.e., generic software usually treats the
waste as a set of separate fractions, not as a whole mass, which means that the software is not highly sensitive
to the composition of the waste and does not take into account the environmental impacts produced as a result
of the interaction between the waste components after mixing. As waste composition is very important in plan-
ning, one study combines these two software packages to get final results, i.e., data generated by IWM-2 were
entered into SimaPro. The discussion is built around a case study in Poland where waste management scenar-
ios have been analyzed. The research carried out has shown that having the same initial inventory data col-
lected on the basis of the same assumptions and with the same boundaries to the system model used and using
the same method of LCIA to assess the impact on the environment, may not produce the same end results. In
the presented study, the main differences in the LCIA results appeared in four output-related impact categories:
carcinogens, climate change, ecotoxicity, and eutrophication/acidification, and for one input related impact
category — fossil fuels. Four reasons responsible for these differences are identified:

(1) The IWM-2 program identified a smaller number of substances emitted to air and water associated with
landfill and recycling than the Ecoinvent database (IWM-2 identified a total of 31 types of emissions to air
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and water for landfill while Ecoinvent identified 405 types, IWM-2 identified 39 types of emissions for recy-

cling while Ecoinvent identified 403 types)

(2) The IWM-2 program did not cover emissions to the soil, while the Ecoinvent database identified 60

types of such impact for landfill and 58 for recycling

(3) The IWM-2 program does not cover consumption of resources, while the Ecoinvent database covered

the use of 198 kinds of raw material (including 100 different minerals and fossil fuels)

(4) In each case a different total mass of emissions and resources consumed was identified in the analysis

of the inventory included in both analyses.

Keywords: life cycle assessment, municipial solid waste, industrial waste management software,

Ecoindicator'99, impact modelling, Poland

Introduction

In Poland the implementation of EU requirements con-
cerning municipal solid waste management (MSW) is a
complex problem, as about 79% of waste is still landfilled
[1-4]. Over the last two years new legislation has been
introduced (i.e. amending the Act on maintaining cleanli-
ness and order in the municipality, updating of the Waste
Management Act), and the main changes have been in force
since 1 July 2013. The law assumes that each municipality
is responsible for the collection and the proper treatment of
municipal waste, according to the best available techniques,
the achievement of EU targets concerning the reduction of
mass of municipal waste going to landfill, or the increased
recycling of packaging waste. These kinds of targets will be
impossible to achieve without constructing and commis-
sioning new plants in the years to come. A plant introduc-
ing new technological processes should be ecologically
friendly, economically viable, and socially acceptable. The
choice of which such solution to adopt should be preceded
by appropriate analysis using environmental assessment
tools. One kind of tool enabling a comprehensive assess-
ment to be made of the potential impact on the environment
is LCA (life cycle assessment). LCA is a process recom-
mended in many EU documents, e.g., Directive
2008/98/EC on waste and repealing certain directives [5-7].
The popularity of the application of LCA to municipal solid
waste management systems is illustrated by the substantial
number of LCA computer models addressing MSW man-
agement. Most of these models have been developed inde-
pendently from each other and often with features that are
specific to the time and geographical conditions in which
they were developed. Due to the complex nature of waste
management modelling and the range of country-specific
data that is required, these models have been developed in
relative isolation and consequently suffer from a lack of
harmonization. This has produced large discrepancies in the
results obtained from different LCA models for waste man-
agement [8]. The work of Winkler and Bilitewski [9] was
the first to highlight the significant differences between dif-
ferent LCA waste models. They prepared comparative
analyses of six prominent LCA models, in which identical
input data were used for landfill, incineration, and material
recovery scenarios for the waste management system of
Dresden, Germany. It was noted that there were very high

variations in the predicted emissions. Differences of up to
1400% in the amounts predicted were identified for some
of the results which led to contradictory results from the
models [8]. The authors suggest that the transparency of the
LCA models needs much improvement, but the identifica-
tion of the specific differences between each model is not
part of the research objectives of their important papers.
Another review of LCAs for MSW management systems
prepared by Cleary [10] shows that in 20 analyses carried
out, 14 computer models were used. Most of these models
are process-based, and use databases to supply multiplica-
tion factors for model parameters such as landfill gas pro-
duction. The study underlines the necessity of clearly iden-
tifying both the scope and methodological assumptions of
LCAs in order to have confidence in the results.

Therefore the paper presented here reveals several
methodology-related issues. The study tests two different
LCA software packages. IWM-2 software is used to assess
the LCA of different variants and its results are compared to
those from SimaPro (Eco-indicator 99 method) to show the
strengths and weaknesses of these tools and the differences
in the LCIA results. This analysis is based on sensitivity
analysis by performing LCA calculations using two sources
of inventory data: IMW-2 software (with database includ-
ed) and a general LCA Ecoinvent v.2.0 database included in
SimaPro software. The discussion is built around a case
study in Poland (Promnik Landfill) where one specific
waste management scenario has been analyzed [11].

The following questions were the driving forces of
making this comparison: are there any differences in the
environmental impacts (consumption of resources, pollu-
tant emissions) calculated by the IWM-2 software and by
the SimaPro software using the Ecoinvent database [12]
for the waste management scenarios analyzed? How do
the potential inventory differences influence the LCIA
results?

Review of LCA Software Used
for MSW Management

LCA is a popular tool widely used to assess the envi-
ronmental impact of product life cycles, technological
processes, as well as waste management systems, waste
treatment and processes for disposal and recycling [13].
The evaluation of the existing situation of MSW manage-
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ment from an environmental, economic and social perspec-
tive via a life cycle approach is an important first step prior
to taking any decisions on the technologies to be selected,
the policies to be developed and the strategies to be fol-
lowed for a nation [14]. Results from a life-cycle environ-
mental assessment can be also used to compare the relative
environmental impacts of different enterprises, or help to
focus efforts toward making environmental improvements
to the treatment enterprises [15]. There are many examples
of the software tools used to support LCA assessments.
There is a general division between generic LCA programs
like SimaPro, GaBi, Team, Umberto, and the applications
designed specifically for use in one specific area, for exam-
ple in waste treatment systems: IWM-2 (integrated waste
management II), WRATE (waste resources assessment tool
for the environment)), EASEWASTE (environmental
assessment of solid waste systems and technologies),
ORWARE (organic waste research), and WISARD (waste
— integrated systems for assessment of recovery and dis-
posal). These programs are used both to evaluate existing as
well as model new waste management systems. To deter-
mine their role, recent papers from the International
Journal of Life Cycle Assessment; Waste Management;
Resources, and Conservation and Recycling have been
reviewed [16-41]. These are focused on using LCA for
waste management systems (with the use of tools specially
developed for this purpose). It is worth mentioning that
most of them were performed using EASEWASTE for
those using specifically designed software, and SimaPro
and Gabi for those using generic software (Fig. 1).
Differences between the studies in the review are asso-
ciated with input data, technical assumptions, technology
type, inventories used, and output data. It is also observed
that the different assumptions in the models are mainly
related to the different times when they were developed and
the associated knowledge framework (e.g. assumptions for
the time horizons for landfill emissions). Further optimiza-
tion of these tools to geographical conditions will have an
additional impact on the results. But each of the LCA pro-
grams can demonstrate some advantages and disadvantages
if assessed strictly from the waste management point of
view. The generic LCA programs often include compre-
hensive databases, but they are not always specific for the
waste treatment systems and fully suitable for nation-
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Fig. 1. An overview of case studies of the use of LCA software
to assess waste management systems published in recent years
(2005-13) [16-41].

al/regional conditions. Even if waste-oriented inventory
data is available, this usually treats the waste as a set of sep-
arate fractions, not as a whole mass, which means that the
software is not highly sensitive to the composition of the
waste and does not take into account the environmental
impacts generated as a result of interaction between the
waste components after mixing. Another important differ-
ence between the software tools lies in the scope of the
environmental impacts included in the analysis. IWM-2, for
example, embraces emissions to only two compartments:
air and water. In the most fully LCA-related software, a
wide spectrum of air, water, and soil pollutants are includ-
ed and further detailing is possible within several output-
and input-related impact categories (e.g. respiratory effects,
ozone layer depletion, acidification, eutrophication, non-
renewable energy). As a result of an international project
(LCA-IWM), IWM-2 has been adopted following the LCA
methodology and thanks to it, a “new” LCA-IWM software
has gained some additional functionality like performing
detailed descriptions within a few impact categories by
using the following six characterization factors: abiotic
depletion potential (ADP), global warming potential
(GWP), photochemical ozone creation potential (POCP),
acidification potential (AP), eutrophication potential (EP),
and human toxicity potential (HTP) [42]. LCA-IWM there-
fore has a binary specificity: on the one hand it remains a
purely waste-oriented application and on the other it gains
an ability to perform impact assessment in accordance with
state-of-the-art LCA procedures. However LCA-IWM
includes a default set of midpoint characterization factors
and it does not allow one to select other life cycle impact
assessment approaches. Typical LCA programs usually
include many LCIA methods, which make it possible to
apply a sensitivity analysis and enable the person carrying
out the LCA to make a choice between various approaches
to impact modelling.

Study

The aim of our study is to assess the environmental
impact of the municipal waste management process car-
ried out at the Promnik landfill in Poland under different
scenarios to monitor their environmental effects. The
IWM-2 and SimaPro software packages were used. In
order to make the comparison, two LCA analyses were
performed:

* LCAI1 — the first analysis was based on primary input
data concerning the main characteristics of the waste
disposal system (manual sorting process for the recy-
cling of secondary raw materials). The input informa-
tion relating to the morphological composition of the
municipal waste was entered in the IWM-2 software
(part 1). On the basis of the data entered, the software
calculated the emissions from the landfill. The calcula-
tions include the total emissions from the landfill and
landfill gas to cover the entire “life” of the plant and
issues with the waste disposal plant related to recycling,
as well as the emissions avoided by this treatment.
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The data generated by IWM-2 (treated as elementary
flows) were supplemented by additional primary inven-
tory data relating to land use (treated as an input from
nature) and the materials and energy consumption
(treated as exchanges with the technosphere).

Both kinds of data were then entered in the SimaPro

LCA2 — in the second analysis all primary data taken
from the municipal waste landfill were entered in
SimaPro 7.1.8 without previously using IWM-2. The
information about landfill specific emissions and other
environmental impacts was calculated using the
Ecoinvent v.2.0 database included in SimaPro software.

software and used in LCIA calculations made using the
Ecoindicator’99 H/A v.2.06 method (Part 2, Fig. 2).

Life Cycle Impact Assessment was also made using the
Ecoindicator’99 H/A v.2.06 method (Fig. 3).
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Fig. 2. Procedure for the first life cycle impact assessment based on IWM-2 data (LCA1).
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The boundaries of the system are limited to the landfill
site (i.e. sorting waste from separate collection and landfill-
ing municipal mixed waste, recycling material recovered
from separate collection, production of energy from recov-
ered biogas). The scope of the analysis is from gate to
grave/reincarnation. The following direct environmental
impacts are identified in relation to the landfill site and
treatment processes: land transformation and occupation,
emissions from the landfill of mixed municipal waste,
emissions from the production of energy from biogas, emis-
sions from the use of diesel on the landfill site and emis-
sions associated with recycling processes. Secondary (indi-
rect) environmental impacts include the following issues:
emissions related to the production of energy bought from
the grid for operating the landfill operation (average energy
from the grid in Poland) and the emissions associated with
the landfill infrastructure (including the system of biogas
production). The collection and transportation of waste was
excluded from the analysis.
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Functional Unit

A functional unit of the system is defined as an annual
amount (Mg) of municipal waste treated by the Waste
Management Company in Promnik, which is estimated at
72,448.6 Mg.

Inventory Data

LCA analysis for the municipal waste landfill in
Promnik was conducted using data provided by the Waste
Management Company in Kielce. Tables 1-3 present the
numbers used in LCA1 and refer to a functional unit. Table
1 shows the information used as input data to IWM-2 (Part
1) while Table 2 presents the emissions calculated by IWM-
2 and supplementary information relating to land area, the
material and energy consumption and energy production
from biogas were entered in SimaPro 7.1.8 (Part 2). Table
4 presents the inventory data used in the second LCA analy-
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weighted impact/damage category indicator results

ecoindicator result (single score)

Fig. 3. Procedure for the second life cycle impact assessment based on the Ecoinvent database (LCA2).
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Table 1. Inventory data used as inputs in the calculations made in IWM-2 (LCA1 — part 1).

No. Inventory Elements Quantity Unit
The composition of the waste collected separately (destined for recycling):

paper, packaging paper, and paperboard 23.10 Mg

1. glass 310.60 Mg

plastic (film) 18.90 Mg

plastic (rigid) 23.20 Mg

Composition of mixed municipal waste (destined for landfill):

paper, packaging paper, and paperboard 9,765.90 Mg

glass 17,87 Mg

plastic (film) 9,374.14 Mg

2. plastic (rigid) 1,400.73 Mg

non-ferrous metals 1,729.70 Mg

ferrous 1,729.70 Mg

biodegradable waste (94.5% vegetable waste, 5.5% animal waste) 14,414.60 Mg

mineral and other 15,783.9 Mg

Source: Primary data taken from the Municipal Waste Management Company in Kielce

sis (LCA?2), and also refers to a functional unit. Tables 2 and
4 present data divided into four groups:
» Energy production from biogas
* Servicing of landfill
» Landfill of waste
» Recycling of the waste fractions coming from separate
collections
In the case of LCA2, in order to avoid double counting
of impacts, the inventory information relating to landfill
maintenance and land use was removed from the original
Ecoinvent 2.0 inventory tables and primary data presented
in Tables 2 and 3 as servicing of landfill has been substitut-
ed. In both cases the same functional unit was used and
referred to 72,448.6 Mg of waste collected yearly on the
area analyzed, of which 99.5% (72,072.7 Mg) was land-
filled and 0.5% (375.9 Mg) was collected separately and
destined for recycling.

An Environmental Impact Assessment
for Promnik Landfill

Life Cycle Impact Assessment (LCIA) Results

In order to calculate the potential environmental impact
the Eco-indicator’99 H/A v. 2.06 method was used to pre-
sent the following results:

e The cumulative ecoindicator result (a single score)
expressed in points [Pt]
*  Weighted damage category results expressed in points

[Pt] related to three damage categories: human health,

ecosystem quality, and resources

* Characterized impact category results expressed in
three units DALY (disability adjusted life years),
PDF-m*year (potentially disappeared fraction'm*year)
and the surplus energy MJ. The results for 11 impact
categories are available in Ecoindicator’99: carcino-
gens, respiratory effects (organic and inorganic), cli-
mate changes, ozone layer depletion, ionizing radiation,
ecotoxicity, land use, eutrophication/acidification, min-
erals, and fossil fuels.

Analyses carried out as LCA1 and LCA2 gave slightly
different answers to the question, which concerns the envi-
ronmental impact associated with the management of
municipal waste in Promnik Landfill. In the first case
(LCA1) the environmental impacts of the landfill and recy-
cling processes were calculated using IWM-2 software, in
the second (LCA2) they come from the Ecoinvent v.2.0
database. The cumulative results of the eco-indicators
obtained for both analyses are presented in Fig. 4. The first
major difference is the potential impact on the environment
expressed by the size of the bars on the figures. It is clear
that the result obtained for LCA2 is much higher (858,415
Pt) than the result of LCA1 (95,601 Pt). The overall poten-
tial environmental impact calculated on the basis of the data
from the Ecoinvent v. 2.0 database is almost nine times
higher than the impact calculated on the basis of the input
from the IWM-2 data for storage and recycling. In both
analyses, positive impacts were obtained for the energy
production from biogas (- 196,486 Pt), but in LCA1 it is
also recorded for recycling (-11,769 Pt). A negative impact
on the environment occurred in the operation of the landfill
(100,788 Pt) and landfill itself (LCA1 = 203,069 Pt, LCA2
= 943,092 Pt).
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Table 2. Inventory data used in LCIA calculations made in SimaPro (LCA1).
Inventory Elements Quantity Unit
g Avoided products
dgﬁ Heat, from natural gas, at industrial furnace 6,003.52 MWh
L;E ﬁ) Electricity, low voltage, at grid, Poland production mix 2,572.94 MWh
E ';% Own production
é Electricity from biogas (partially used for own purposes, partially sold to the electricity grid) 2,572.94 MWh
E Heat from biogas (partially used for own purposes, partially sold to the heat grid) 6,003.52 MWh
Inputs from nature
= Land transformation 4.60 ha
3
§ Land occupation 0.38 haxa
L‘fﬁ Inputs from technosphere
:a Water 333.00 Mg
§ Diesel oil 65.00 Mg
Electricity low voltage, at grid, Poland production mix (purchased ) 86.00 MWh
Outputs to nature (based on IWM-2 calculations)
Emissions to air [kg] Emissions to water [kg]
CO 84.10 BOD 12,784.65
CO, 3,568,278.11 COD 12,784.65
CH, 1,585,910.35 Suspended solids 10.81
HCl 437.32 TOC 21.61
% HF 87.46 AOX 21.61
?5 H,S 1,345.61 Chlorinated Hydrocarbons 11.13
%ﬁ Hydrocarbons 1,3456.11 Phenols 4.11
3
§ Chlorinated Hydrocarbons 235.48 NH; 226.92
Cadmium 0.04 As 0.15
Chromium 0.01 Cd 0.15
Lead 0.03 Chlorides 637.52
Zinc 0.50 Cr 0.65
Cu 0.58
Fluorides 421
Fe 1,026.52
Pb 0.68
Hg 0.01
Ni 1.84
Zinc 7.34
Outputs to nature (based on IWM-2 calculations)
Emissions to air [kg] Emissions to water [kg]
22 Particulates -254.20 BOD 43.81
B f% £ co 296.77 CoD 87522
%: % § CO, -69,592.11 Suspended solids -2,034.46
é = CH, -8.61 TOC 62.08
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Table 2. Continued.

Outputs to nature (based on IWM-2 calculations)

Emissions to air [kg] Emissions to water [kg]

NO, 169.91 AOX -9.19

N,O 0.92 Phenols -0.10

SO, -696.64 Al -1.28

HCl -17.29 NH; -9.30

§ HF 459 As -0.01

% H,S 0.06 Ba -1.67

E;_).é Ammonia -0.83 Cd -0.02
§~ Arsenic -18.58 Chlorides -2,448.37

2 Lead 14.20 Cr -0.04

é Nickel -0.03 Cu 0.02

Z Zinc 20,03 Fe 2.03

?6 Pb -0.11

éb Ni -0.02

& :

2 Nitrates (V) 16.02

Phosphates 0.28

Sulphur 74.05

Sulphides -0.02

Zinc -0.03

Source: Primary data taken from the Municipal Waste Management Company in Kielce and IWM-2

Table 4 presents the cumulative value of eco-indicators
divided into three damage categories: human health,
ecosystem quality, and resources. Analysis of the results
presented in Table 4 indicates the following:

» For each damage category, the result for LCA2 is less
“environmentally friendly”

» The difference in the results is particularly evident in
the case of human health, for which the result for LCA2
was 812,916 Pt, which is more than six times higher
than the result for LCA1 (124,442 Pt)

» For ecosystem quality the difference between the results
is 36,269 Pt and the potential impact calculated for
LCA2 is almost 10 times higher (LCAl = 4,107 Pt,
LCA2 = 40,376 Pt)

» For resources there is an environmental benefit in
LCA1 amounting to -32,948 Pt, while for LCA2 the
indicator result is positive and amounts to 5,123 Pt.
Table 5 shows characterized LCIA results for the impact

category in each of the damage categories. There is a dif-

ference in the potential impact results for the indicator cal-

culated for carcinogens. For LCA2 this result was 31.67

DALY and pointed to a negative impact, while for LCA1

the final balance of impact for carcinogens pointed to an

environmental benefit of -0.98 DALY. Table 5 also shows
that there are two impact categories belonging to human
health in which the results of the indicators for LCA2 were

better than for LCA1: respiratory disorders resulting from
the emission of organic compounds and climate change.

Different results were also obtained with regard to the
impact category belonging to ecosystem quality (Table 6).
The difference is particularly evident for ecotoxicity, where
the outcome indicator for LCA2 is more than 75 times
higher than for LCAl. In the case of acidifica-
tion/eutrophication, LCA1 indicates environmental benefit,
while in LCA2 there was a positive result (negative impact
on the environment).

A relatively small difference was obtained for minerals
as an impact category belonging to the use of resources
(Table 7). Both cases show benefits for the environment,
but lower than for LCA2.

For fossil fuels, the difference in the results obtained is
much clearer. The impact category indicator result for LCA1
is six times higher than the value obtained for LCA2. Finally
the LCALI scenario generated a positive impact, while the
LCA2 case impacted negatively on the environment.

Analysis of the LCIA Results

Different results relating to environmental impact were
obtained in the analyses carried out for the same function-
al unit and given data. In order to find out why this hap-
pened, it is necessary to look deeper into the specific char-
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Table 3. The inventory data used as inputs in the calculations made in SimaPro (LCA2).

Inventory Point Quantity Unit
Avoided products
{? . Heat, from natural gas, at industrial furnace 6,003.52 MWh
Eé %" Electricity, low voltage, at grid, Poland production mix 2,572.94 MWh
-§ g Own production
E Electricity from biogas (partially used for own purposes, partially sold to the electricity grid) 2,572.94 MWh
a Heat from biogas (partially used for own purposes, partially sold to the heat grid) 6,003.52 MWh
Inputs from nature
= Land transformation 4.60 ha
% Land occupation 0.38 ha*a
150 Inputs from technosphere
:é Water 333.00 Mg
A | Diesel oil 65.00 Mg
Electricity low voltage, at grid, Poland production mix (purchased ) 86.00 MWh
Avoided products/processes
gravel (as a result of using waste concrete) 2,090.10 Mg
Waste to treatment
Composition of mixed municipal waste:
‘% paper, packaging paper, and paperboard 9,765.90 Mg
?a glass 17,87 Mg
-;ED plastic (film) 9,374.14 Mg
§ plastic (rigid) 1,400.73 Mg
non-ferrous metals 1,729.70 Mg
ferrous 1,729.70 Mg
biodegradable waste (94.5% vegetable waste, 5.5% animal waste) 14,414.60 Mg
mineral and other 15,783.90 Mg
N Waste to treatment
§ f‘-é The composition of the waste collected separately (destined for recycling):
fﬁ E‘ -g paper, packaging paper, and paperboard 23.10 Mg
gn é Sg glass 310.60 Mg
% £ |plastic (film) 18.99 Mg
. plastic (rigid) 23.21 Mg

Source: Primary data taken from the Municipal Waste Management Company in Kielce

acteristics of the software and databases. The differentiat-
ing factor for these two studies could not be the methodol-
ogy for calculation of the potential impact on the environ-
ment, because the same method Ecoindictor'99 H/A v. 2.06
was used in both cases. Therefore, one must suspect that
the cause of these discrepancies was the different invento-
ry data and the various assumptions adopted for their cal-
culation.

In order to illustrate the potential reasons for the differ-

ences in results, Tables 8 and 9 present the following infor-
mation:

The number of substances included in the inventory
analysis (LCI) as emissions to the three environmental
compartments (air, water, and soil) and as the consump-
tion of raw materials (with an indication of how many
of them generate a negative impact on the environment
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Table 4. Weighted damage category indicator results for treat-
ing 72,448.6 Mg of municipal waste according to LCA1 and
LCA2.

Damage | Human Health Ecosystem Resources

Category [Pt] Quality [Pt] [Pt]
LCA1 124,442 4,107 -32,948
LCA2 812,916 40,376 5,123

= positive indicator "+" and how many an environmen-
tal benefit = negative indicator "-")

» The total weight included in the analyses of emissions
and raw materials consumed — the values reported are
the result of the addition of emissions and the raw mate-
rials and are expressed in units of mass (with the excep-
tion of radioactive and energy emissions and land sur-
face). A negative result means that the emissions or the
raw materials in the framework of the so-called avoid-
ed products exceeded in value the emissions and con-
sumption of resources

» The number of substances included in the LCIA as emis-
sions to the three environmental compartments (air,
water, and soil) and the consumption of raw materials

» Potential environmental impacts caused by all emis-
sions and raw materials
As shown in the section Life Cycle Impact Assessment

(LCIA) Results, the main difference in the results obtained
from the LCIA appeared in four impact categories relating
to emissions: carcinogens, climate change, ecotoxicity, and
eutrophication/acidification, and for one input-related
impact category — fossil fuels. Tables 8 and 9 highlight the
following issues:

e The IWM-2 program identified a smaller number of
substances emitted to air and water associated with

landfill and recycling than the Ecoinvent database
(IWM-2 identified a total of 31 types of emissions to air
and water for landfill while Ecoinvent identified 405
types, IWM-2 identified 39 types of emissions for recy-
cling while Ecoinvent identified 403 types)

*  The IWM-2 program did not cover emissions to the
soil, while the Ecoinvent database identified 60 types of
such impact for landfill and 58 for recycling

*  The IWM-2 program does not cover consumption of
resources, while the Ecoinvent database covered the use
of 198 kinds of raw material (including 100 different
minerals and fossil fuels)

* In each case a different total mass of emissions and
resources consumed was identified in the analysis of the
inventory included in both analyses
The issue of different quantities of inventory data con-

tained in the Ecoinvent v.2.0 databases and databases

belonging to the IWM-2 is also linked to the issue of recy-
cling. In both cases, the procedure for recycling was based
on the same idea of compiling environmental impacts and
related impacts from the avoided use of products (which
often prevent the use of raw materials which would other-
wise be necessary) with environmental impacts associated
with the use of recycled materials and recycling processes.
Avoided products generate an environmental benefit (a
negative indicator), and the second elements lead to nega-
tive environmental impacts (a positive indicator). The sign
and value of the final outcome of an environmental indica-
tor therefore depend on the relationship between these two
areas. Table 8 shows that in the analysis of the inventory for
the landfill program IWM-2 identified 12 substances emit-
ted to the air with a total weight of 5,169,835.14 kg, which
were all emissions generating a positive indicator ("+"), so
leading to a potential negative impact on the environment.
For the same process, the SimaPro software, based on the
Ecoinvent v.2.0 database, showed 231 substances emitted

1200,000
total = 858 415 Pt
1000,000
s v 800,000
8=
g3 600,000
E 38
= - total = 95 601 Pt
S5 400,000 o
g3
(==l 200,000
S .2
é § 0,000
oo, '
<
-200,000
-400,000
LCA 1 LCA 2
OProduction of energy from biogas -196,486 -196,486
OServicing of landfill 100,788 100,788
B Landfilling of waste 203,069 943,092
ERecycling of waste -11,769 11,021

Fig. 4. Ecoindicator results for treating 72,448.6 Mg municipal waste in Promnik — according to LCA1 and LCA2 scenarios.
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Table 5. Human health — impact category indicator results for treating of 72,448.6 Mg municipal waste according to LCA1 and LCA2.

Impact Carcinogens Resp. Organics | Resp. Inorganics | Climate change Radiation Ozone layer
Category [DALY] [DALY] [DALY] [DALY] [DALY] [DALY]

LCALl -0.98 0.04 -1.20 6.91 -0.0002 0.00002

LCA2 31.67 -0.002 -0.25 -0.20 0.002 0.0002

Table 6. Ecosystem quality — impact category indicator results for treating 72,448.6 Mg of municipal waste according to LCA1 and

LCA2 (impact categories within).

Impact Catego Ecotoxicity Acidification/Eutrophication Land use
P gory [PDF-mZyr] [PDF-m>yr] [PDF-m>yr]

LCALl -5,223 -19,379 77,258

LCA2 393,374 53,112 71,158

Table 7. Resources — impact category indicator results for treat-
ing 72,448.6 Mg of municipal waste according to LCA1 and
LCA2.

Impact Minerals Fossil fuels
Category [MJ Surplus] [MJ Surplus]
LCA1 -22,512 -1,361,842

LCA2 -8,185 223,446

to the air, of which 223 were emissions with a positive
value and 8 with a negative value of the indicator. The
result of the mass emissions to the air equal to 8,722,201.53
kg is the effect of the addition to the positive and negative
values, which means that the value of the emissions to the
air of 223 substances adversely affecting the environment
massively outweighed the 8 substances that lead to envi-
ronmental benefits. In the case of a landfill, environmental
benefits were estimated for the use of waste concrete in
place of gravel (which was treated as an avoided product).

Due to the fact that there are parameters developed for
characterizing a limited number of elementary streams
(emissions and inputs to/from the environment) in the LCIA
methods available, in practice not all the inventory results
are assessed in field of impact on the environment. In Tables
8 and 9 this problem is illustrated in the first and third lines
within each category of emissions. For example, in LCA1
for landfill, 12 substances are identified as being emitted
into the air, of which only 9 were from the LCIA analysis. In
the case of LCA2 in the Ecoindicator'99 H/A method, char-
acterization parameters were present for 130 of the 231 air
emissions identified. These limits could also have an impact
on the range of results. Table 8 shows that in the case of
landfill, the Ecoinvent database v.2.0 identified many more
emissions to water and soil as well as types of consumption
of resources than IWM-2, which directly leads to higher
environmental performance. Exceptions include some air
emissions; despite the fact that in the LCIA analysis of
LCALI only 9 emissions were taken into account, they
caused a much higher score for the environmental indicator.

There are two explanations for this state of affairs. The
first is the taking into account of the avoided consumption
of gravel as an avoided product in LCA2, which resulted in
73 types of emissions to the air with a negative sign and
their value decreased the result of a positive indicator. A
second possibility is that the LCA1 emissions included
have greater environmental significance (higher values of
indicators for environmental hazard). Further analysis
shows that both of these situations overlapped with one
another in the studies carried out and reinforce each other’s
performance.

The recycling results require additional comment (Table
9). In the case of the emissions to air and water, SimaPro
and IWM-2 not only calculated different amounts of sub-
stances emitted, but also the final results have a different
sign. This is a result of the variations in the proportion of
aspects generating a positive and negative impact on the
environment. In the case of LCA1 the positive elements
predominated, and in LCA2 glass recycling processes gen-
erate greater negative impact than the benefit to the envi-
ronment due to the avoided use of virgin glass-forming raw
materials. To further illustrate the source of the differences
in the results, a detailed analysis was carried out for the
impact of the carcinogens category, for which the LCIA
achieved significantly different results. In the
Ecoindicator'99 H/A method elementary streams initiating
the impact in carcinogens are emissions to air, water, and
soil. Table 10 presents the share of each emissions sector in
the creation of carcinogen impact in the landfill process.

In the LCA1 study, only cadmium was recognized as a
carcinogenic emission to the air at a level of 0.038 kg
(Tables 2 and 10), which has a negative impact on the envi-
ronment at a level of 133.6 Pt (0.00513 DALY). In the
LCA2 study, up to 25 substances were recognized as car-
cinogenic emissions to the air, 24 of which were “negative”
emissions (positive environmental indicator), and one a
“positive” (negative environmental indicator) with a total
mass equal to 33.6 kg (positive emissions subtracted from
negative). Despite the recognition of 24 times more cancer-
causing emissions, the cumulative result for the environ-
mental indicator for emissions to air was comparable in
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Table 8. Landfill of waste — the differences between LCA1 and LCA2 in LCI and LCIA results for the selected inventory elements.

Landfill of Waste (72,072.7 Mg of waste)

Characteristics of the key inventory elements LCA1 LCA2 Unit
Number of substances emitted to the air and included in the inven- 12 231 w/a
tory analysis (LCI) where: +12; -0 | where: +223; -8
Total mass of emissions to the air 5.169.835.14 8.722.201.53 K
Emissions (including only emissions expressed in mass units) T T £
to Ai
oA Number of substances emitted to the air and included in the impact 9 130 w/a
assessment (LCIA) where: +9; -0 | where: +127; -3
Total environmental impact of emissions to the air 202.484 1 379816 Pt
(as ecoindicator result) T e
Number of substances emitted to water and included in the invento- 19 174 w/a
ry analysis (LCI) where: +16; -3 | where: +172; -2
Total mass of emissions to water 27 545.1 15.180.111.41 K
Emissions (including only emissions expressed in mass units) T T £
to Wat
o water Number of substances emitted to water and included in the impact 8 36 W/
assessment (LCIA) where: +8; -0 | where: +36; -0
Total environmental impact of emissions to water 5846 771.155.58 Pt
(as ecoindicator result) ’ e
Number of substances emitted to the soil and included in the 0 60 o/
inventory analysis (LCI) where: +60; -0
Total mass of emissions to the soil 0 517.151.22 K
Emissions (including only emissions expressed in mass units) U £
to Soil
oot Number of substances emitted to the soil and included in the 0 14 o/
impact assessment (LCIA) where: +14; -0
Total environmental impact of emissions to the soil
(as ecoindicator result) 0 99,210.96 Pt
Number of types of raw material included in the inventory analysis 0 198 n/a
(LCD where: +193; -5
Total mass of resources included in the calculations
Resource (including only raw materials expressed in mass units) 0 5,708,818.26 ke
Depleti
epietion Number of types of raw material included in the impact assessment 0 91 n/a
(LCIA) where: +73; -18
Environmental impact of the depletion of resources
(as ecoindicator result) 0 34,7438 Pt

LCA2 and LCA1. The reasons for the different results for
carcinogens should therefore be traced to differences in the
environmental impact of each emission. The LCA2 for a
landfill of 72,072.7 tons using SimaPro based on the
Ecoinvent database showed the existence of four main
sources of negative impacts such as emissions of cadmium
(0.018 kg), particulates <2.5 (168.6 kg), arsenic (0.03 g),
and dioxins in terms of 2,3,7,8-tetra-dioxin (1.03 mg),
which generate an impact equal to 65.5 Pt for cadmium,
42.9 Pt for particulates (<2.5), 17.4 Pt for arsenic, and 4.82
Pt for dioxins. The other 21 emissions to the air classified
as carcinogenic had little environmental significance. What
is more, IWM-2, whose impact was limited solely to cad-

mium emissions but in a significant quantity equal to 0.038
kg, showed a comparable outcome indicator (Pt 133.6) to
all the emissions included in the LCA2 (134.3 Pt).

In the case of carcinogenic emissions to water and soil,
the relationship seems to be more obvious. The Ecoinvent
database contains much more of this type of impact from
the database contained in IWM-2, which in turn gave a
much higher environmental performance. The main
sources of carcinogens were the processes of landfilling
plastics and bio-waste in anaerobic decomposition.
Emissions of cadmium and arsenic in water (LCAI,
LCA2) and soil (LCA2) contributed almost 100% of the
negative impact.
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Table 9. Recycling of the waste fractions coming from separate collection — differences between LCA1 and LCA2 in LCI and LCIA

results for selected inventory elements.

Recycling of the Waste Fractions Coming from Separate Collection (375.9 Mg of waste)

Characteristics of the key inventory elements LCAl LCA2 Unit
Number of substances emitted to the air and included in the inven- 16 229 o/
tory analysis (LCI) where: +5; -11 | where: +182; -47
Total mass of emissions to the air
Emissions (including only emissions expressed in mass units) -70,695.40 232,665.26 ke
to Ai
oA Number of substances emitted to the air and included in the impact 12 128 wa
assessment (LCIA) where: +2; -10 | where: +116; -12
Total environmental impact of emissions to the air
(as ecoindicator result) -1L7157 6.843.0 Pt
Number of substances emitted to water and included in the 23 174 wa
inventory analysis (LCI) where: +6; -17 | where: +147; 27
Total mass of emissions to water 5.185.6 3.956.7 K
Emissions (including only emissions expressed in mass units) T T &
to Water
Number of substances emitted to water and included in the impact 7 36 /a
assessment (LCIA) where: +1; -6 where: +34; -2
Total environmental impact of emissions to water 535 630.0 Pt
(as ecoindicator result) ’ )
Number of substances emitted to the soil and included in the 0 58 w/a
inventory analysis (LCI) where: +53: -5
Total mass of emissions to the soil 0 182.0 K
Emissions (including only emissions expressed in mass units) ’ J
to Soil
Number of substances emitted to the soil and included in the impact 0 14 o/
assessment (LCIA) where:+14: -0
Total environmental impact of emissions to the soil
(as ecoindicator result) 0 4139 Pt
Number of types of raw material included in the inventory analysis 0 198 w/a
(LCh where: +135; -63
Total mass of resources included in the calculations
Resource (including only raw materials expressed in mass units) 0 33,205.57 ke
Depletion . . . 0 91
Number of types of raw material included in the impact assessment wa
(LCIA) where: +53; -38
Environmental impact of the depletion of resources 0 31345 Pt
(as ecoindicator result) o

Similar relationships can be applied to other impact cat-
egories such as ecotoxicity, acidification/eutrophication, or
minerals.

Discussion

The research carried out has shown that having the
same initial inventory data collected on the basis of the
same assumptions and the same boundaries for the system
modelled and using the same method of LCIA to assess the
impact on the environment, may not produce the same end

results. Due to the fact that the LCA analysis can be con-
ducted in differently defined scope (from cradle to grave or
cradle-to-gate or gate-to-grave), that is usually with a less-
er or greater extent, the specific data collected must be sup-
plemented with secondary data retrieved from the database.
Its quantity and quality may have an important impact on
the final results. There are some particularly important
issues from the point of view of final waste management
such as the time horizon for modelling the impact, the tak-
ing into account of the infrastructure, and avoided products.
In the case of the databases included in IWM-2, emissions
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Table 10. Carcinogens — differences in LCI and LCIA results for selected inventory elements between LCA1 and LCA2.

Carcinogens — Landfill of Waste (72,072.7 Mg of waste)

Characteristics of carcinogenic emissions LCAl LCA2 Unit
Number of substances emitted to the air and included in the impact 1 25 o/
assessment (LCIA) for carcinogens where+1: -0 where+24: -1
o Total mass of the emissions to the air classified as carcinogens 0.038 180.5 K
Emissions (including only emissions expressed in mass units) ’ ’ 2
to Air
Total environmental impact of emissions to the air 133.6 1343 Pt
(as ecoindicator result for carcinogens) ’ ’
Total environmental impact of emissions to the air 0.00513 0.00515 DALY
(as impact category indicator result for carcinogens) ’ ’
Number of substances emitted to water and included in the impact 3 15 o/
assessment (LCIA) for carcinogens where+3: -0 where+15: -0
o Total mass of emissions to water classified as carcinogens 21 6873 K
Emissions (including only emissions expressed in mass units) ’ ’ £
to Water B - A
Total environmental impact of emissions to water 538 738 986.80 Pt
(as ecoindicator result for carcinogens) ’
Total environmental impact of emissions to water 0.0207 3.4 DALY
(as impact category indicator result for carcinogens) ’ ’
Number of substances emitted to the soil and included in the impact 0 4 o/
assessment (LCIA) for carcinogens where+7: -0
o Total mass of emissions to the soil classified as carcinogens 0 47 K
Emissions (including only emissions expressed in mass units) ’ &
to Soil
Total environmental impact of emissions to the soil 0 08 531.40 Pt
(as ecoindicator result for carcinogens) ’
Total environmental impact of emissions to the soil 0 378 DALY
(as impact category indicator result for carcinogens) ’

to air and water from the landfill were calculated over a 40-
year time horizon, while the Ecoinvent v.2.0 database used
includes emissions over 100 years, and emissions to
groundwater were modelled over the long term [12]. So, it
must be emphasized that the IWM-2 base calculated signif-
icantly higher emissions of cadmium into the air for landfill
than was the case with SimaPro based on Ecoinvent data.
Another important element of environmental impact is the
taking into account of the provision of infrastructure facili-
ties and waste management processes. It can be assumed
that if the inventory database takes infrastructure issues
which provide a relatively solid background for the results,
more into account, this may reduce the sensitivity of the
results to change in other system components such as the
morphological composition of the waste. Because the
Ecoinvent database contains more information related to
infrastructure, it can be treated as one of the possible caus-
es of the lower sensitivity of the results to change in waste
composition compared to IWM-2.

The end processes in waste management are inextrica-
bly linked to re-use, recycling, and energy recovery. The
understanding of these processes and the way they are treat-
ed in the inventory tables plays an important role. The con-
sequence of including this type of process is usually the

treatment of those elements of the inventory corresponding
to them and the results of the environmental assessment as
the avoidance of negative impacts, which means that some
of the results of the LCI and LCIA have a negative value.
This may pose some difficulties in interpretation, because it
is worth following closely what has a positive impact and
what has a negative impact in the individual unit processes.
In the systems analyzed there were three key elements
responsible for creating environmental benefits: recycling
processes (avoiding the need to use raw materials), produc-
tion of energy from biogas (avoiding the need to use elec-
tricity and heat based on non-renewable energy sources
from the centralized energy system) and the use of waste
concrete (to avoid the need to use gravel). As shown by the
analyses, different environmental benefits were calculated
in the LCA1 and LCA2 studies, and to varying degrees this
affected the final results.

Conclusions

Use of environmental impact assessment software and
databases specific to the area being analyzed seems, in the-
ory, to guarantee obtaining more accurate and reliable
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results. In the case of the LCA, taking into account the
entire life cycle of products and using large amounts of
data, the quality and quantity of inventory information is of
particular importance. In the case of the analyses carried
out, IWM-2 software — specific software for waste man-
agement — showed greater sensitivity to morphological
change in the composition of waste, which on the one hand
can be explained by the possession of information on the
mass of mixed waste as a whole, not just as a collection of
fractions, and on the other hand to holding poorer data relat-
ed to, e.g., infrastructure issues. The weaker element of the
IWM-2 package turned out to be the old database (ETSU
1992, 1993, IPCC 1994, 1996, Buwal 250/11 1998), in con-
trast to the rich and constantly updated Ecoinvent database.
Both the programs used (IWM-2 and SimaPro) calculated
significantly different results relating to the number and
amount of emissions and the consumption of resources, and
demonstrated the environmental benefits related to recy-
cling of waste in different ways. The IWM-2 program iden-
tified a total of 31 types of emissions to air and water for
landfill while Ecoinvent identified 405 types and IWM-2
identified 39 types of emissions for recycling while
Ecoinvent identified 403 types. The IWM-2 program did
not cover emissions to the soil, while the Ecoinvent data-
base identified 60 types of such impact for landfill and 58
for recycling. The IWM-2 program does not cover con-
sumption of resources, while the Ecoinvent database cov-
ered the use of 198 kinds of raw materials.

The final conclusion reached on the basis of the analy-
ses may be that the choice of the calculation software
(including the specific database and set of specific methods
to assess the impact on the environment) used to assess the
environmental impact of waste management systems is an
important issue and that the information contained there
should be the subject of regular updating and verification.
When using LCA it is important to make a conscious choice
of the databases and LCIA methods to be used with knowl-
edge of the consequences of those decisions in the first and
second phases of the LCA.
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