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1. Introduction

Life cycle assessment (LCA) is a tool for evaluating environmental aspects and
potential environmental impacts, initially developed for evaluation of a product’s
life cycle. LCA can be also employed for evaluating the environmental performance
of the waste management systems. The assessment time frame stretches from the
moment when waste is generated until its final disposal take place. Several waste
LCA tools have been developed so far to model the environmental impact of waste
management systems. In 2011 a first Polish language application, the IWM-PL mod-
el, was issued.

The goal of this study is the quantification of the environmental impacts from
the municipal waste management system in Krakow, state in 2010, employing the
IWM-PL model.

In the first part of the study, in the paper entitled Application of the INM-PL
Model for the Life Cycle Assessment (LCA) of Municipal Waste Management in Krakow.
Part 1 [12] the goal and the scope of the analysis was shown as well as the detailed
life cycle inventory of the municipal waste management system in Krakow. The life
cycle inventory results, shown in the previous paper, are input for the next phase of
life cycle assessment (LCA), that is life cycle impact assessment (LCIA). The results
are obtained by applying the IWM-PL model, the first Polish language application
for conducting LCA of waste management systems.

* AGH University of Science and Technology, Faculty of Mining Surveying and Environmental
Engineering, Krakow, Poland
** The work was completed within the scope of AGH University of Science and Technology
statutory research for the Department of Environmental Management and Protection
no. 11.11.150.008.
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2. Methodology

The ISO 14040 standard [6] recommends performing LCA studies with a four-
step approach:

1. goal and scope,

2. inventory analysis,

3. impact assessment,

4. interpretation.

Goal and scope includes the definition of the aim, the system boundaries and
also the functional unit. These were defined in a previous paper Application of the
IWM-PL Model for the Life Cycle Assessment (LCA) of Municipal Waste Management in
Krakow. Part 1 [12]. In the life cycle inventory (LCI) phase an inventory of all in-
puts and outputs of the system is made [26]. Results of the life cycle inventory are
thoroughly explained in the paper Application of the INM-PL Model for the Life Cycle
Assessment (LCA) of Municipal Waste Management in Krakow. Part 1 [12]. In the life cy-
cle impact assessment step, based on the results of the inventory analysis (quantified
inputs and outputs), environmental impacts are estimated. They are grouped and
quantified into a limited number of impact categories. Finally, in the interpretation
phase, the results are analysed and recommendations are derived.

The life cycle impact assessment phase of an LCA is the evaluation of potential
human health and environmental impacts of the environmental resources and con-
taminations identified during the LCIL. Impact assessment is performed in several
steps [7]:

1. selection and definition of impact categories — identifying relevant environ-

mental impact categories;

. classification — assigning LCI results to the impact categories;

. characterization — modelling LCI impacts within impact categories using
science-based conversion factors;

. normalization — expressing potential impacts in ways that can be compared;

. grouping — sorting or ranking the indicators;

. weighting — emphasizing the most important potential impacts;

. evaluating and reporting LCIA results — gaining a better understanding of
the reliability of the LCIA results.
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The last phase of the LCA process is the life cycle interpretation. The life cycle
interpretation is a systematic technique to identify, quantify, check, and evaluate
information from the results of the LCI and the LCIA, and communicate them ef-
fectively [7]. ISO has defined the following objective of life cycle interpretation [6]:
analyse results, reach conclusions, explain limitations, and provide recommenda-
tions based on the findings of the preceding phases of the LCA, and to report the
results of the life cycle interpretation in a transparent manner.
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Several methodologies for performing LCIA has been developed. Below are
specified frequently used methodologies [8]:

- CML 2002 [13],

— Eco-indicator 99 [10],

- EDIP [14, 27],

- EPS2000 [22],

— Impact 2002+ [3, 21],

— LIME [16],

— LUCAS [25],

— ReCiPe [4],

— Swiss Ecoscarcity or Ecological scarcity [2],

— TRACI[1],

— MEEuP methodology [17].

In the IWM-PL model life cycle impact assessment methodology is based on
Eco-indicator 99 [19]. Therefore, the Eco-indicator 99 methodology is described

below.

The Eco-indicator 99 is one of the most widely used impact assessment methods
in the LCA. It is a damage approach proceeding from the identification of areas of
concern (damage categories) to the determination of what causes damage to end-
points. The method considers three damage categories: human health, ecosystem
quality and resources [5, 10]. Table 1 shows the three damage categories and the
related impact categories modelled in the Eco-indicator 99. In brackets shortened,
simplified names of impact categories have been given, which are used in the further

part of the study.

Table 1. The damage categories and related impact categories in the Eco-indicator method

Damage category Impact category
Carcinogenic effects on humans (carcinogens)
Respiratory effects caused by organic substances (respiratory organics)
Respiratory effects caused by inorganic substances (respiratory inorganics)
Human health

Damage caused by climate change (climate change)

Effects caused by ionising radiation (radiation)

Effects caused by ozone layer depletion (ozone layer)

Damage caused by ecotoxic effects (ecotoxicity)

Ecosystem quality

Damage caused by the combined effect of acidification and eutrophication
(acidification/ eutrophication)

Damage caused by land occupation and land conversion (land use)

Resources

Damages caused by extraction of minerals (minerals)

Damages caused by extraction of fossil fuels (fossil fuels)

Source: [5]
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In the impact assessment phase of LCA, the inventory results are processed into
the impact categories. In the characterisation stage, the indicator values for each im-
pact category are calculated. For those impact categories which affect human health
such as: carcinogens, respiratory organics, respiratory inorganics, climate change,
radiations and ozone layer damage, the scores are expressed as DALY (disability
adjusted life years). scores for impact categories affecting ecosystem quality are ex-
pressed as PDF (potentially disappeared fraction) [5, 11, 18, 20]. Categories concern-
ing resource depletion: "minerals” and "fossil fuels” are related to a parameter that
indicates the quality of the remaining resources. The extraction of these resources
will result in higher energy requirements for future extraction, that is MJ surplus
energy [10].

At the step of characterisation, the categories cannot be compared with each
other, as their indicators are expressed in different units. In order to show to what
extent an impact category has a significant contribution to the overall environmen-
tal problem a normalisation procedure is needed. This is done by dividing the im-
pact category indicators by a normal value. The normal value in the Eco-indicator
99 method is the average environmental impact of a European citizen in one year
[10, 11, 18, 20]. The normalised results show the order of the magnitude of the en-
vironmental problems generated by the product’s life cycle, compared to the total
environmental loads in Europe [5].

The next step in the impact assessment procedure is weighting. The result ob-
tained through this procedure is expressed as ecopoints (Pt), where one ecopoint can
be interpreted as one thousandth of the annual environmental load of one average
European inhabitant [5]. However, the weighting of results embeds a high risk of
uncertainty, thus those results should be adopted cautiously.

The IWM-PL model does not apply the complete Eco-indicator 99 methodol-
ogy, but only a limited scope of this methodology. For example the damage cat-
egory Resources is not taken into account at all. For the damage category: Human
health, the impact category Radiation is not included. For the damage category
Ecosystem quality only two impact categories are incorporated into the IWNM-PL
model: Acidification/ Eutrophication and Ecotoxicity, the model does not contain
the impact category of land use.

Once the data are introduced into the model and parameters of the waste treat-
ment installations are defined, a Sankey’s diagram is generated. The diagram illus-
trates waste streams/fractions flows between treatment processes with inputs and
outputs for individual processes. The waste streams flows are shown as stripes with
width proportional to their quantities.

The IWM-PL model calculates emissions to water and air. The quantities of
emissions are given in mass units - kilograms for all substances. Then, the IWM-
-PL model converts emissions into: six impact categories for emission to water
and consequently into the same six impact categories for emission to air. As a fi-
nal result the IWM-PL model creates a graph of the environmental impact in two
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damage categories: Human health and Ecosystem quality. The value of the total
environmental impact of the evaluated waste management system is expressed in
ecopoints (Pt).

3. Results and Discussion

3.1. Sankey’s Diagram

In the Sankey’s diagram (Fig. 1) the flows of the following waste streams are
illustrated: mixed (non- separately collected) waste, waste from commercial sector
—joining the mixed waste stream, separately collected waste (in this garden waste),
bulky waste.

Fig. 1. Sankey’s diagram, produced by the IWM-PL model, for the municipal waste
management system in Krakow

Source: author’s own based on IWM-PL model

For each stream of waste the flows are demonstrated, including the treatment
installations. The dominating stream is the mixed waste with the widest stripe. The
other flows of waste are quite poor compared to the mixed waste flow. The mixed
waste stream ends at the landfill, this treatment installation has the biggest outputs; it
means the emissions from landfilling process are the most significant. Concurrently
the landfill is the place of final disposal, there is no further flow of waste from this in-
stallation. For the other installations: the composting plants, the sorting station, the
thermal treatment plant waste streams flow in and flow out. For these flows which
go out of the installations, the transport is considered.
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In the Sankey’s diagram the dismantling station plant for bulky waste is not
shown. In the diagram the bulky waste directly after collection is transported to
landfill (part of the bulky waste) and to the thermal treatment (the remaining part
of the bulky waste). In fact, in Krakow waste management system, the bulky waste
is dismantled at the dismantling station. The part of the remaining waste after the
dismantling of bulky waste together with remaining waste after the sorting of sepa-
rately collected waste is processed into the RDF fuel. Then the fuel is sent to the com-
bustion process in the cement plant outside Krakow (thermal treatment in the dia-
gram). The IWM-PL model does not have the option of processing remaining waste
into RDF fuel. The production of RDF fuel, in the IWM-PL model, is possible for
non-separately collected waste. Such a process is not realised in Krakow. Therefore,
instead of the RDF fuel production, the thermal treatment is shown in the diagram.

3.2. Emissions to Air and Water

After introducing the data into the model and defining the parameters of the
waste treatment installations the model calculates the emissions to air and water. The
thorough explanation of the required data, the process of its calculations and introduc-
ing into INM-PL model was presented in the paper Application of the INM-PL Model
for the Life Cycle Assessment (LCA) of Municipal Waste Management in Krakow. Part 1 [12].

In Table 2 the calculated emissions to air are shown.

The values of emissions to air are both: above and below zero. The values above
zero mean the negative impact on the environment, while the values below zero
mean the positive impact on the environment, so called avoided impacts. The sub-
stance emitted in large quantities is carbon dioxide coming from all processes. For
the recycling process the carbon dioxide has the minus value.

Carbon dioxide emissions can be attributed to:

— the demand for electricity for each treatment process, the electricity in Poland
is produced in approximately 90% by combustion coal and lignite i.e. high
emission of carbon dioxide,

— combustion of fuel in transport,

— emission of landfill gas, which consists mainly of methane and carbon dioxide.

The minus values of emissions for recycling process for: carbon dioxide, sulphur
oxides, nitrogen oxides and other substances can be explained by avoided impacts. For
processing secondary raw materials and producing the useful products from them, less
energy is needed comparing to processing of virgin ores and other natural resources.

The minus values for the landfilling process for: sulphur oxides, particulate mat-
ters, nitrogen oxides and other substances can be assigned to the utilisation of the
landfill gas in the sanitary landfill Barycz. The landfill gas is collected by a special
pipeline system and further processed into heat and electricity. Production of electric-
ity by methane combustion causes less emission of above mentioned substances than
the combustion of coal and lignite for producing the same quantity of electricity.

In Table 3 calculated emissions to water are presented.
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The calculated, in the IWM-PL model, values of emissions to water are aston-
ishing. No emission is shown for the thermal treatment process, while for the same
process the significant emissions to air are revealed in the Table 2. Although minus
values of emissions for the recycling process for some substances are credible due
to the avoided impacts, the minus values for the landfilling process for: sulphates,
chlorides, iron, aluminium and other substances are not justified. The disposal pro-
cess of municipal waste at the sanitary landfill generates extensive quantities of
leachate with a substantial load of pollutant substances [9, 15, 23, 24].

Even though the leachate from the Barycz sanitary landfill is collected and sent
to the waste water plant, the sewage treatment process does not have 100% effi-
ciency. It is not possible to explain credibly the minus values (avoided impact) of
emission to the water for the landfilling process for so many substances.

The total values, for all treatment processes, for 17 out of 27 substances/parame-
ters are below zero. Particularly high minus values are calculated for COD (chemical
oxygen demand), sulphates, chlorides, suspended solids. In fact these substances are
especially highly concentrated in leachate from the sanitary landfills [9, 15, 23, 24].

It is not very convincing that municipal waste management system with large
treatment installations positively impacts upon the water environment, what im-
plies from the results shown in Table 3.

3.3. Impact Categories

The emissions to air are expressed in six impact categories: carcinogens, respi-
ratory inorganics, climate change, respiratory organics, acidification/eutrophication
and ecotoxicity (Fig. 2).
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Environmentalimpact of emission to air after the characterization procedure
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80% Lead
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hydrocarbons
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mSOx
40% ——
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60% +——— HNOX
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-100% co
Carcinogens Respiratory inorganics  Climate change Respiratory organics Acidification/Eutr i ici
B Particulate matter

Fig. 2. Environmental impact of emissions to air, after the characterization procedure

Source: author’s own based on the IWM-PL model
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The indicators for each impact category are calculated, but as they have differ-
ent units, they cannot be compared with each other. Therefore the values for each
category are scaled up to 100%. Three impact categories have the minus values:
carcinogens, respiratory inorganics, acidification/eutrophication. Three impact cat-
egories: climate change, respiratory organics and ecotoxicity have plus values. The
minus values mean avoided impacts, can be attributed to the electricity produc-
tion from landfill gas and recycling processes. Furthermore the Figure 2 illustrates
which substances contribute to the particular impact categories. For the carcinogens
contribute: arsenic and particulate matter; for the respiratory inorganics: SO, NO,,
particulate matter; for climate change: CH, and CO,; for the respiratory organics:
CH, and hydrocarbons; for acidification/ eutrophication: SO, NO_; for the ecotoxic-
ity: lead, arsenic, nickel, and zinc.

The emissions to water are expressed in the same six impact categories: car-
cinogens, respiratory inorganics, climate change, respiratory organics, acidification
/eutrophication and ecotoxicity and shown in Figure 3.

Environmentalimpact of emission to water after the characterization procedure Zin

100%

Sulphates

80%

= Nitrates (V)
60%

Mercury

Lead

20%

Copper

-20% l  Chromium

-40% ® Cadmium

-60% ——

M Arsenic

-80%

100% J—_

Carcinogens Respiratory inorganics  Climate change Respiratory organics Acidification/Eutr icati icity ®Phenols

= NH4+

Fig. 3. Environmental impact of emissions to water, after the characterization procedure
Source: author’s own based on the IWM-PL model

Only for two impact categories: carcinogens and ecotoxicity the values are dif-
ferent than zero, both are below zero. For the impact category carcinogens contrib-
ute emissions of substances: arsenic, phenols and cadmium; for the ecotoxicity: chro-
mium, copper, and zinc.

The impact categories with zero values are: respiratory inorganics, respirato-
ry organics, climate change, and acidification/eutrophication. The zero values for
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the respiratory organics, respiratory inorganics and climate change are reasonable,
basically emissions to water do not influence the quality of air or climate change.
However the zero value for impact category acidification/eutrophication can be
hardly explained, bearing in mind substantial emissions from a sanitary landfill.

The Figure 3 indicates that the overall impact of the waste management system
on the water environment is positive (avoiding impacts), which seems unlikely. This
issue have been already discussed below the Table 3.

After the step of characterization the normalisation procedure is applied, and
the normalised values in impact categories, expressed in ecopoints (Pt) as the units,
can be compared. The next step is weighting the results of weighting are shown in
Figures 4 and 5.
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Carcinogens Respiratory inorganics Climate change Respiratory organics Acidification/Eutrophication Ecotoxicity BParticular matter

Fig. 4. Environmental impact of emissions to air after the weighting procedure
Source: author’s own based on the IWM-PL model

For environmental impact of emissions to air, the biggest value is observed
in the climate change impact category (775,769 Pt), due to emissions of CH, and
CO, from the landfilling process. The minus values are observed for respiratory
inorganics impact category (—468,877 Pt) — avoided impact contributed to avoided
emissions of SO, NO,, particulate matter; and for the carcinogens impact cat-
egory (244,137 Pt) — avoided emission of arsenic. Lower values are observed
for: ecotoxicity, acidification/eutrophication, and respiratory organics impact cat-
egories. Plus values are observed for ecotoxicity (28,359 Pt) mainly due to the
emission of lead; and respiratory organics (1,757 Pt) due to the emission of CH,.
The minus value is observed for acidification/eutrophication (-31,144 Pt), due to
avoided emission of NO , SO , Ammonia.



54 K. Grzesik

Environmental impact of emission to water after the weighting procedure (eco-points) zinc
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Fig. 5. Environmental impact of emissions to water after the weighting procedure

Source: author’s own based on the IWM-PL model

After the weighting procedure, for the environmental impacts of emissions to
water, only minus values are observed in two impact categories: carcinogens (—46,751
Pt) mainly due to the avoided emission of arsenic and ecotoxicity (1,766 Pt), due to
the avoided emission of heavy metals: copper, nickel, zinc.

3.4. Damage Categories

The final result of the evaluation of the municipal waste management system
is expressed in ecopoints in two damage categories: human health and ecosystem
quality. The final result is illustrated in Figure 6.

The negative environmental impact of the municipal waste management system
in Krakow is observed only for one damage category: human health, it is 16,726.26 Pt
(ecopoints). While for the damage category: ecosystem quality the environmental im-
pact is positive (value below zero), it is —7,422.14 Pt (ecopoints). As the methodology
for life cycle impact assessment in the IWM-PL model is based on the Eco-indicator
99, the damage category human health is related to the following impact categories:
carcinogens, respiratory organics, respiratory inorganics and climate change. (Impact
categories: the ozone layer and the radiation are not present in the IWM-PL model).

For those impact categories, for emissions to air, both plus and minus values
are observed. Plus values for climate change (775,769 Pt) and respiratory organics
(1,757 Pt); minus values for respiratory inorganics (—468,877 Pt) and carcinogens
(—244,137 Pt). For emission to water only for carcinogens (—46,751 Pt) the minus
value is observed. The values of the remaining impact categories related to human
health, for emission to water, are zero.
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Environmental impact of municipal waste management systemin Krakow after the

weighting procedure (eco-points), in 2 damage categories
20000

15000

10000

-5000

-10 000

B Human health M Ecosystem quality

Fig. 6. Environmental impact of municipal waste management system in Krakow after the
weighting procedure in two damage categories

Source: author’s own based on the IWM-PL model

The final result for human health damage category is calculated as 16,726.26 Pt
(ecopoints), which is comparable to the annual environmental load of 16 average
European inhabitants.

The damage category: ecosystem quality, in the model INM-PL, is related to
the impact categories: the ecotoxicity and acidification/eutrophication. (The impact
category land use is not present in the INM-PL model).

For emissions to the air, the plus value is observed for ecotoxicity (28,359 Pt)
and minus value is observed for acidification/eutrophication (-31,144 Pt). For emis-
sions to the water only minus value is observed for ecotoxicity (-1,766 Pt).

The final result for the damage category: ecosystem quality is calculated as
-7,422.14 Pt (ecopoints), what is comparable to the avoided environmental load
of 7 average European inhabitants caused annually.

4. Summary and conclusions

1. LCA which was initially developed for evaluating the life cycle of a products,
can be also used for evaluating waste management systems. This is usually
done by employing a model. The goal of this study is the quantification of
the environmental impacts from the municipal waste management system
in Krakow — state in 2010, by employing the INM-PL model, the Polish lan-
guage application for LCA of waste management systems.
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2. The IWM-PL model generates the Sankey’s diagram with waste streams flow

between the treatment processes with inputs and outputs, then calculates the
emissions to air and water. Calculated emission to air are credible, impacts
on air is high due to large emission quantities of CO, and CH,. There is also
a positive impact of emission to air resulting from avoided impacts from
recycling of secondary materials and production of electricity from landfill
gas. The calculated emission to water are doubtful, because most substances
have negative values, meaning a positive impact on the environment. It is
not very probable knowing that the landfill process generates huge quanti-
ties of leachate and bearing in mind that vast majority of municipal waste in
Krakow is disposed at a landfill.

. The final result of the evaluation of the municipal waste management system
in Krakow is expressed in ecopoints (Pt) in two damage categories: human
health and ecosystem quality. For human health, the environmental impact
of the waste management system is negative and amounts 16,726.26 Pt. While
for ecosystem quality the environmental impact is positive (value below
zero), and equals -7,422.14 Pt.

. In order to obtain reliable result of LCA of the municipal waste management
system in Krakow further research is needed. The results shown in this paper
need to be verified applying other models for LCA developed for evaluating
waste management systems. Also, the IWM-PL model requests verification
and conducting LCA studies for other waste management systems with other
data.
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