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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. Itis a “cradle-to-grave” approach, it enables an estimation of the environmental
impacts resulting from all stages in the product life cycle from raw material acquisi-
tion through production, use, end of life treatment, recycling and final disposal [1, 2].

To performing LCA studies in a united way ISO 14040 standard [1] has been
developed with four steps approach:

1. goal and scope,

2. inventory analysis,

3. impact assessment,

4. interpretation.

Goal and scope includes defining the aim and the product system boundar-
ies and also functional unit. Life cycle inventory (LCI) is a list of extractions of raw
materials used, the energy and emissions to the atmosphere, water and land related
to the functional unit [3]. In the impact assessment step, the effects of the resource
use and emissions generated are grouped and quantified into a limited number of
impact categories such as: global warming potential (GWP), acidification, eutrophi-
cation, stratospheric ozone depletion, photo oxidant formation, resource use, land
use, and others [4]. Finally the results are reported according to the goal and scope
of the study in the most informative way possible.

According to Mc Dougall F. et al [5] “the life cycle of waste can be considered
to be a journey from the cradle (when an item becomes valueless and, usually, is
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placed in a dustbin) to the grave (when value is restored by creating usable material
or energy); or the waste is transformed into emission to water or air, or into inert
material placed in a landfill.”

In other words LCA for municipal waste starts at the moment when litter is put
to the waste bin and ends up when the pre-treated (mechanically, biologically or
thermally) waste is disposed in the landfill. LCA assesses the use of resources and
the release of emissions to air, water and land, and the generation of useful products
from waste. The assessment time frame stretches from the moment when waste is
generated until its final disposal takes place. LCA has become a useful tool to com-
pare alternative waste management options, however performing LCA studies for
waste management is a complex task and requires careful selection of the scope of
the study as well as the assessment method in order to obtain objective and reliable
results [6]. The procedure for conducting the LCA of a waste management system
is very similar to the LCA of a product. The goal or objective of the study must be
described, followed by the scope or systems boundaries including a definition of the
functional unit, followed by the inventory or data collection for all influenced activi-
ties finalised by the impact assessment and interpretation [7].

Since the 1990s, waste LCA tools have been developed to model the environ-
mental performance of waste management systems [8]. The models such as :

- IWM-2, UK (2001) [5];

— EPIC/CSR, Canada (1999) [9, 10];

- MSW-DST, USA (1999, 2002) [11, 12];

— ORWARE, Sweden (1997, 2002) [13, 14];

- WISARD, UK (1997) [15];

- WRATE, UK (2005, 2006) [16, 17];

— EASEWASTE, Denmark (2006) [18];

- LCA-IWM, EU (2005, 2007) [19, 20];

have been developed by a range of environmental protection agencies, universities
or consultancies, mainly in Europe and North America [8].

In 2011 the first Polish language application, the IWM-PL model, was issued,
which is dedicated to the evaluation of municipal waste management systems [21].

2. Goal of the Study

The goal of the study is the quantification of the environmental impacts from
the municipal waste management system in Krakow, state in 2010, applying the
IWM-PL model. The study is divided into two parts presented in two papers:
Application of the INM-PL Model for the Life Cycle Assessment (LCA) of Municipal
Waste Management in Krakow. Part 1 and Application of the INM-PL Model for the Life
Cycle Assessment (LCA) of Municipal Waste Management in Krakow. Part 2 [22].
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As the LCA approach consists of four phases:
1. goal and scope,

2. inventory analysis,

3. impact assessment,

4. interpretation,

the same structure is kept in the study. Part 1 presents goal and scope as well as
inventory analysis (LCI), part 2 — life cycle impact assessment (LCIA) and interpre-
tation. Presentation of the full study in one paper exceeds the acceptable limit for
a paper for the journal.

The proper results of LCA modelling depend strongly on the exact, precise
and proper data, especially in such complicated and complex systems as munici-
pal waste management. Each developed model or software for conducting LCA
analyses of a product as well as a service or a waste management system has its
own structure of inputting data, requirements for scope and organization of data.
After introducing the data into a model, a user of a model cannot influence the
results as they are generated automatically by the model. The user can influence
the results only at the stage of introducing data, so the life cycle inventory (LCI)
is a core stage of a process of conducting LCA with the application of a model, for
example IWM-PL model. Therefore, the goal of this paper, part 1 of the study, is
the evaluation of the structure, scope and organization of the data needed by the
IWM-PL model. The paper, explains thoroughly the process of gathering, estimat-
ing, calculating, assuming the data required by the IWM-PL model, in order to
perform LCA of the municipal waste management system in Krakow. The uncer-
tainties are also discussed, and data of low and high uncertainty are indicated.

3. Methodology

The IWNM-PL model enables the quantification of the possible environmental
impacts, as well as the evaluation of the economic aspects. The model requires the
inputting the variety of data in 24 steps, whereof 18 steps relate to environmental
aspects while the remaining steps to economic evaluation. In this study only envi-
ronmental evaluation is considered. The 18 steps of introducing the data on environ-
mental aspects are grouped into nine sections:

1) waste collection,

2) sorting,

3) refuse-derived fuel (RDF) production,

4) biological treatment,

5) thermal treatment,

6) combustion of refuse-derived fuel,

7) landfilling of non-hazardous waste,

8) landfilling of hazardous waste,

9) recycling.
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These sections together with types of required data, as well as the methods of
the calculation and estimation of the needed data are explained in the main chap-
ter of this paper, that is inventory analysis. Once the data is introduced, the IWM-
Pl model generates a Sankey’s diagram, which illustrates waste streams/fractions
flows between treatment processes. The model also calculates the emissions to air
and water, presented in a table. The emissions are subsequently converted into
impact categories and that is presented in graphical figures. The final result of the
evaluation is expressed in ecopoints in two damage categories: human health and
ecosystem quality and illustrated in a graph.

The model IWM-PL requires the inputting the variety of data on the assessed
waste management system. First of all, the needed data regards the quantity and
morphological composition of municipal waste generated and collected in the
system, and also the data on waste treatment processes, the fuel - energy balance
of waste treatment installation, data on transport etc.

The sources of data on generated and collected municipal waste are avail-
able studies and reports. The municipal waste generated in Krakow have been
systematically under examinations investigating the quantity of generated waste
and its composition as well as other parameters [23-26]. The most recent waste
analyses for Krakow municipality were performed by IETU (Institute for Ecology
of Industrial Areas in Katowice) for the whole year period from November 2010
to October 2011. The scope of these analyses was: the quantity of generated waste
in certain types of development structure and the balance of waste generated in
Krakow, the unit generation rate of municipal waste from households and from
commercial activities.

For these analyses five routes of household waste collection were selected
representing three types of structure development:

1) the central part of the town — densely populated with strong a representation

of commercial activity (shops, offices, banks etc),

2) multi-family houses area,

3) single-family houses area.

Besides household waste, also the municipal waste coming from city infrastruc-
ture such as: a hospital, a cemetery, a school, a hypermarket, a market place and
a local administration facility was analysed [27].

The samples weighting at least 100 kg were taken once a month from each
“route”. The waste quality analyses included: sieve fractions analyses (fine frac-
tion below 10 mm, fraction 10-40 mm, fraction 40-100, fraction above 400 mm),
morphological composition of municipal waste and chemical parameters such as:
water content; volatile solids in dry matter; lower heating value, heat combustion
value; Cl, F, S content in dry matter; biomass content; heavy metals (Zn, Cd, Pb,
Cu, Hg, Cr) content. During the morphological composition analysis waste was
split into the following material fractions: organic (kitchen and garden waste),
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wood, paper, plastics, glass, textiles, metals, hazardous waste, composites, inert
and others [27].

The final report on these waste analyses was issued in November 2011 [27].
The data for the model on waste quality: mixed (non-separately collected) waste
composition and the composition of separately collected waste were gained from
the above mentioned report [27].

The source of the data regarding the collected quantities of particular waste
types in 2010 is the report on the realization of the waste management plan for years
2009-2010 [28]. Such a report, according to the law regulations, should be prepared
every two years by the municipal authorities. That document is based on the reports
done by all waste collector operators active in the municipality. Each operator is
obliged to prepare a report every year on the quantities of collected waste types and
the destinations of collected waste, that is treatment facilities. In 2010 in Krakow
82 waste collectors were present on the market of municipal waste collection and
transport.

The data on the waste treatment installations, transport of waste, fuel and ener-
gy consumption were extremely difficult to obtain, as the main waste management
operator in Krakow refused to deliver such data for research purposes. Therefore
where necessary, assumption were made, based on own knowledge of the waste
treatment processes, fragmentary information found out from the waste manage-
ment operators and through the literature research. In further sections of this paper
detailed justifications were given for assumptions and calculations. When obtaining
the real data for processes performed in Krakow was not possible, the default values
embedded into the INM-PL model were accepted.

4. Functional Unit and System Boundaries

The functional unit of this LCA study is the total quantity of waste introduced
into municipal waste management system in 2010 in Krakow city. The functional
unit includes mixed waste, separately collected waste, bulky waste, garden waste
and waste from the infrastructure (commercial sector), collected and transferred to
treatment during the whole year.

The system boundaries of this analysis are defined as all processes of waste
treatment performed in Krakow (recycling of secondary materials outside Krakow),
transport of collected waste to the waste facilities (sorting station, dismantling sta-
tion, composting plants, landfill) and also transport of secondary raw materials from
the sorting station to recycling stations. The constructing of waste facilities are ex-
cluded from system boundaries, while the fuel and energy needed for operating the
installations are incorporated in the system boundaries. The system boundaries are
shown in Figure 1.
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Fig. 1. System boundaries of the analysis

Source: authors” own based on [21]

5. Inventory Analysis

5.1. Waste Collection
Mixed (non-separately collected) waste

In the first step the quantity of mixed municipal waste (non-separately collect-
ed) were introduced into the model as well as its composition. The sources of data
were reports [27, 28]. The composition of metals (ferrous, non-ferrous) and plastics
(hard, soft) was estimated based on [27]. The data on the quantity and morphologi-
cal structure introduced into the model is shown in Table 1.

Table 1. Quantity and composition of mixed waste introduced into system

Total quantity of mixed (non separated) municipal waste [Mg] 255 761.36
Waste composition [%]

Paper 20.48
Glass 8.53
Metals 2.25
Plastics 14.59
Textiles 2.93
Biodegradable waste [%] 29.22
Others 22.00
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Table 1 cont.
Compositions of metals [%]
Ferrous metals 70.00
Non-ferrous metals 30.00
Compositions of plastics
Soft plastics 50.00
Hard plastics 50.00

Source: authors” own based on [27, 28]

Bulky waste

Bulky waste cannot be collected by regular vehicles dedicated to waste collec-
tion, because of the huge size. This kind of waste is mainly furniture and large elec-
tric and electronic equipment (WEEE), washing machines, refrigerators. In 2010 in
Krakow 6 229.86 Mg of bulky waste was collected.

The composition of bulky waste was not examined in the recent study on the
composition of municipal waste for Krakow [27]. Therefore the data on the com-
position of bulky waste was obtained from other sources, such as the National
Waste Management Plan 2002 [29], and the Waste Management Plan for Krakow
2005 [30], which shown the data on bulky waste provided by the main municipal
waste operator in Krakow — MPO. Taking into consideration these two sources
the composition of bulky waste was estimated and shown in Table 2. Based on
the estimation of bulky waste composition, the following quantities of bulky
waste fractions were calculated and input into the model (Tab. 3). The model
does not specify wood as a fraction of bulky waste, although there is the most
significant fraction of this waste. Therefore the wood was assigned to the fraction
“others”.

Table 2. Estimated composition of bulky waste in Krakow

Fraction of bulky waste Composition [%]
Wood 55
Ferous metals 20
Non-ferrous metals 10
Soft plastics 1
Hard plastics 8
Glass 4
Others 2

Source: authors” own based on [29, 30]
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Table 3. The introduced data into the model on the bulky waste

Fraction of bulky waste The quantity of fraction collected in 2010 [kg]
Glass 249 194.40
Ferrous metals 1245 972.00
Non-ferrous metals 622 986.00
Soft plastics 62 298.60
Hard plastics 498 388.80
Others 3551 020.00

Separately collected waste

In the third step the model requires introducing the quantity of waste separately
collected to the individual containers. In 2010 in the individual IGLOO and KUBIK
containers 6571.38 Mg secondary raw materials were collected: paper: 2 227.27 Mg,
plastics 1 636.98 Mg and glass 2 707.13 Mg [27]. Additionally, textiles were separate-
ly collected to the specific containers, the quantity of collected textiles was 1036.91
Mg in 2010 [28]. Additionally, “dry fraction” of waste mainly paper, plastics, glass,
metal together was collected to yellow bags or yellow containers. The composition
of dry fraction was under the examination in study [27]. Based on this report, the
quantities of individual secondary raw materials: paper, plastics, glass, metal in
“dry fraction” were calculated.

In Krakow garden waste is also separately collected. This waste is not gathered
into containers or bins but garden waste is directly transferred by vehicles from
green areas of the city to the 2 composting stations. In 2010 16.339 Mg garden waste
was collected and transferred to the composting plants [27].

The arrangements envisaged in the IWM-Pl model for the wastes separately col-
lected into individual containers is that, these wastes are not sorted; they are directly
transferred to the recycling installations. This arrangement is correct only for garden
waste and textiles but not for the secondary raw materials. In Krakow secondary
raw materials (paper, glass, plastics, metals) collected in the individual containers
and the containers for “dry fractions” are transferred to the sorting station prior they
are sent to recycling processes.

For the purpose of this analysis the separately collected secondary raw materi-
als from KUBIK and IGLOO containers and yellow containers/bags for “dry frac-
tion” were summed up together and introduced into the model as the wastes trans-
ferred to the sorting station.

The quantities of separately collected wastes sent directly to recycling plants
and secondary raw materials (from KUBIK and IGLOO containers and yellow con-
tainers/bags) transferred to the sorting station were shown in Table 4.
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Table 4. Figures on the quantity of separately collected waste introduced into model

Fractions directly transferred to recycling

Quantity of fraction [kg]

Textiles 1036 910.00
Garden waste 16 339 300.00
Fractions transferred to the sorting station Quantity of fraction [kg]
Paper 6299 911.90
Glass 7 691 557.40
Ferrous metals 85099.98
Non ferrous metals 36 471.42
Soft plastics 2307 739.65
Hard plastics 2307 739.65

Municipal waste from commercial sector

Apart from waste generated in households, the system of waste management
includes also municipal waste generated in city infrastructure objects such as offices,
schools, universities, hospitals (excluding medical waste), shops, markets etc. The
quantity of that waste was examined in the study [28] as 36 456.70 Mg in 2010. In
the report [27] composition of municipal waste from commercial sector were under
the examination. The composition of waste was examined for: Rydygier Hospital,
Podgorski Cementary, Shopping Centre M1, market place Tomex, Town Council,
elementary school no 130. Although composition of waste for these establishments
is diverse, for the purpose of this analysis the composition of municipal waste from
commercial sector was averaged and shown in Table 5. Those wastes are collected
as mixed, not separately collected, therefore in the model the separate collection of

those wastes was not introduced.

Table 5. Figures on the quantity of municipal waste
from the commercial sector introduced into model

Total quantity of municipal waste from commercial sector [Mg] 36 456.7

Waste composition [Mg]

Textiles 1.8
Paper 31.3
Glass 10.0
Metals 14
Kitchen and garden waste 19.6
Plastics 17.3
Others 18.6
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Table 5 cont.
Compositions of metals [%]
Ferrous metals 70.0
Non-ferrous metals 30.0
Compositions of plastics [%]
Soft plastics 50.0
Hard plastics 50.0

5.2. Sorting
Dismantling and sorting of bulky wastes

In 2010 according to the report [28] 6 229.85 Mg bulky waste was collected sepa-
rately, 1660.33 Mg was recovered and 4504.47 Mg was landfilled, that is 26.7% re-
covered and 72.3% landfilled. The small quantity of recovered bulky waste was due
to the fact the bulky waste dismantling station started to operate in the mid of the
2010 year. In the dismantling station the bulky waste was dismantled into secondary
raw materials (large WEEE) and part of bulky wastes (furniture) was processed into
refuse-derived fuel (RDF). The bulky waste collected before launching the disman-
tling station was landfilled.

Based on [29, 30] and the previous section of this study, it was estimated that
60% of the bulky waste is furniture and approximately 40% is large electric and
electronic equipment (WEEE). Furthermore it was assumed that 60% the of furniture
was processed into RDF fuel. The level of raw materials recovery from large elec-
tronic and electric equipment was estimated for 70% for metals and 20% for plastics.
The recovering levels of metals and plastics in relation to the total quantity of col-
lected bulky waste are low. After the separations of raw materials (metals, plastics
dedicated for recycling) the remaining waste could be either: processed into RDF
fuel or landfilled.

The performed calculations indicated that 17% of the remaining bulky waste
was processed into RDF fuel and 83% was landfilled. A summary of the calculations
was presented in Table 6. As the IWM-PL model does not have the option of process-
ing ballast (remaining waste) into RDF fuel, it was introduced into the model that
17% of remaining waste was thermally treated.

Another aspect concerning the dismantling and sorting of the bulky waste is
transport i.e. transport of recovered materials, mainly metals, and the transport of
the remaining waste (ballast). The average fuel consumption was calculated based
on following assumptions: the distance to recycling plant is 30 km (in one way), ve-
hicle capacity is 10 Mg, fuel consumption per 100 km is 35 litres, thus fuel consump-
tion per 1 Mg of waste (recovered materials) is 2.1 litre.

Remaining waste was transported to: landfill Barycz (83% of remaining waste in
2010) and thermal treatment station (17% of remaining waste in 2010). The RDF fuel
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is combusted in cement kilns in the Nowiny Kielce or Czestochowa Rudniki cement
plant. The distance to the Nowiny plant is 114 km, to Rudniki 163 km. The municipal
landfill Barycz for Krakow city is located in Krzemieniecka street, 15 km from the
bulky waste dismantling station in Nowohucka street. The data introduced into the
model on dismantling and sorting of bulky wastes are shown in Table 6.

Table 6. Figures for the dismantling and sorting of bulky wastes used in the model

Percentage of recovered materials from bulky wastes [%]

Ferrous metals 6.0
Non-ferrous metals 1.5
hard plastics 2.1

Transport of recovered materials

Average fuel consumption [litres/Mg waste] 2.1

Treatment of the remaining waste (after recovery) [%]

Thermal treatment 17
Landfilling 83
Transport of remaining waste [km]

Distance to the thermal treatment station 114
Distance to the landfill 15

Sorting of the separately collected wastes

The wastes collected separately in individual containers IGLOO and KUBIK as
well as “dry fraction” from yellow containers and yellow bags are transported to the
sorting station Barycz.

The recovery level at the Barycz sorting plant in Krakow was approximately
70% in 2010, which means that 70% of separately collected waste after the sorting
process was transferred to recycling stations (paper, plastics, glass, metal). The
remaining waste called ballast was either landfilled or processed to fuel. The dis-
mantling station for bulky waste started to operate in mid 2010, so only half at the
most of the ballast could have been sent for producing RDF fuel. However, from the
sorting process the finest fraction of waste, below 40 mm, is regarded as a mineral
fraction and it is always sent to landfill. The percentage of this finest fraction was as-
sumed as 10% in the selectively collected waste. Therefore in 2010 55% of the ballast
was sent to landfill and 45% was sent to the bulky dismantling station in order to be
processed into fuel.

The Barycz landfill is very near the sorting station so the distance to landfill is
0.5 km. The distance to thermal treatment station was calculated based on assumption
that RDF fuel is sent to the Nowiny Kielce cement plant, which is 114 km away from
Krakow.
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Transport of separately collected waste to the sorting station

The calculations made for transport of the separately collected waste to the sort-
ing station i.e. fuel consumption, were made based on interviews with vehicles op-
erators and literature studies [31, 32]. The vehicle consumes on average 35 litres of
fuel per 100 km when driving, additional 8 litres is used per 1 hour while loading the
waste. The route of the vehicle was assumed as 20 km in one way, 40 km altogether.
The loading time for separately collected waste is 15 minutes per one route. The load
capacity of the vehicle transporting the separately collected waste is 5 tonnes. Then
the calculated fuel consumption per one tonne of transported separately collected
waste is 3.2 litre.

Fuel-energy balance of the sorting station

The operator of the sorting station refused to facilitate the data on fuel or en-
ergy consumption at the sorting station. The model IWM-P1 has default data on
these aspects; the default value for energy consumption is 25 kWh per 1 tonne of
sorted waste. This value was accepted for further calculations of this study. The fuel
consumption (loader, other vehicles operating) at the sorting plant was assumed as
1.5 litre per 1 tonne of the sorted waste.

Summary of calculations concerning sorting the separately collected waste is
shown in Table 7.

Table 7. Figures for sorting of the separately collected wastes used in the model

Transport of the separately collected waste to the sorting station

Average fuel consumption [litre/Mg waste] 32

Fuel-energy balance of sorting station

Electricity consumption [kWh/Mg waste] 25

Fuel consumption [litre/Mg waste] 1.5

Treatment of ballast (remaining waste after sorting) [%]

Thermal treatment 45
Landfilling 55
Transport of remaining waste (ballast) [km]

Distance to thermal treatment station 114
Distance to the landfill 0.50

Transport of the separately collected biowaste
directly to the composting stations

There are two composting plants in Krakow operating on the separately col-
lected bio-waste (mainly garden waste). It was estimated that the distance in one
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way to a composting plant is 15 km, the load capacity is 5 Mg, the fuel consump-
tion per 100 km of vehicle is 30 litre (it is not a special constructed vehicle for
waste transport). The fuel consumption per 1 tonne of transported bio-waste is
1.8 litre.

5.3. Biological Treatment

Biowaste separately collected is subject to the biological treatment-composting
process, made in two composting plants: the Barycz composting plant operated
by MPO and the SITA composting plant. In 2010, the number of 16339.30 Mg bio-
waste was sent to composting plants. These two plants produce the high quality
compost, meant for selling and used as a fertilizer. It was assumed that mass loss
during the process (decomposition of organic matter) is 50%, and 90% of the pro-
duced compost is suitable for selling. The operators of the composting plants re-
fused to reveal the data on electricity consumption. It was assumed for 30 kWh per
1 tonne of composting waste.

After the process all remaining waste is sent to landfilling. The Barycz compost-
ing plant is located side by side to the landfill, the distance from the SITA compost-
ing plant to Barycz landfill is 14 km. The two composting plants work with a similar
capacity. The average distance from a composting plant to the landfill was calcu-
lated as 7 km.

The results of the calculations for the composting process are shown in Table 8.

Table 8. Figures for composting process used in the model

The quantity of waste meant for composting process [Mg] 16339.30
The percentage of mass loss during the process [%] 50
The quantity of produced compost [Mg] 7 965.41
Percentage of compost suitable for selling [%] 90

Fuel-energy balance of composting plant

Energy consumption [kWh/Mg waste] 30
Treatment of ballast (remaining waste) after composting [%]

Thermal treatment 0
Landfilling 100

Transport of ballast after composting [km]

Distance to the landfill 7

5.4. Refuse-Derived Fuel (RDF) Production

In the next step the model IWM-PL requires information on Refuse Derived
Fuel (RDF) production from the non separately collected waste. Such a process was
not realized in Krakow in 2010.
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Refused Derived Fuel has been produced in Krakow from the dismantled bulky
waste as well as from the remaining waste after sorting of the separately collected
waste. Such a process was described in points “Dismantling and sorting of bulky
wastes” and “Thermal treatment” of this paper.

5.5. Thermal Treatment

For Krakow city the municipal waste thermal treatment plant is envisaged in
the Waste Management Plan [33]. The thermal treatment plant is planned to start
operating in 2014. In the year 2010 refuse-derived fuel (RDF) was produced and
sent to combustion in cement plants. RDF has been produced from: the ballast after
sorting separately collected waste, fraction bigger than 40 mm, and wooden fraction
(furniture) of the separately collected bulky waste. It was calculated that for thermal
treatment in 2010 was sent 1043 Mg of waste. In the combustion process in the ce-
ment plants, remaining waste such as ash or slag are not produced, because they are
embodied into clinker [34].

This process of waste incineration was introduced into the IWM-PL model as
thermal treatment. The RDF production (and combustion) process in the IWM-PL
model is only envisaged for non- separately collected waste, but not for the ballast
from the processing of the separately collected waste.

5.6. Landfilling

The majority of the municipal waste from Krakow city is landfilled, that is:
mix waste (non-separately collected waste) and ballast after processing separately
collected waste (apart from RDF fuel sent for combustion). The Barycz landfill is
a modern, well equipped installation. Landfill gas is collected, in the gas instal-
lation, the electricity and heat is produced. Leachate is captured by the drainage
system, then through the sewerage reaches the municipal wastewater treatment
plant Ptaszow.

Strong attempts were made to acquire the exact information on the landfilling
parameters, for example fuel- energy balance, but the operator refused to provide
such data.

The model IWM-PI has some default value of landfilling parameters: heating
value of landfill gas is 18 MJ/Nm?®. The quantity of produced gas from biowaste
(paper, textiles, organic matters) is 250 Nm?/Mg of waste. Leachate generated from
waste is 0.15 m*/Mg. These values were verified against the literature studies [5, 6,
35-44] and based on that, those default values were accepted for the purpose of this
study. The estimations were made for the level of recovery of landfill gas for 65%,
efficiency of the electricity recovery for 30%.

The summary of the calculations and assumption for landfill process is shown
in Table 9.
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Table 9. Figures for landfilling process

Fuel-energy balance

Electricity consumption [kWh/ Mg waste] 2
Fuel consumption (diesel oil) [kWh/Mg waste] 1
Landfill gas [%]

Level of recovery of landfill gas 65
Efficiency of electricity recovery 30
Leachate

Efficiency of leachate treatment [%] 75

5.7. Recycling

At this step the quantities of secondary raw materials recovered at the sorting
plant are calculated. The sorting station operates on the separately collected waste
from the IGLOO and Kubik containers as well on the dry fraction from yellow bags
and containers . The calculated quantities are shown in Table 10.

Table 10. Figures for the secondary raw materials recovered at the sorting station

Secondary raw materials from Quantities
sorting station [Mg]
Paper 4 935.58
Glass 6021.77
Ferrous metals 131.35
Non-ferrous metals 33.60
Soft plastics 1808.84
Hard plastics 1819.31

These secondary raw materials from the sorting station are transported to the
recycling plants. The contractors, to whom the sorting plant sells the secondary raw
materials, are various and they fluctuate frequently, depends on the market condi-
tions, the price for a raw material etc.

Based on the fragmentary and non-complete data given by the sorting plant
operator, the purchasers of the recovered raw materials could be: Polowat, ER Max,
Elanapet OLIMAR, Mobbi, Glass Works Jarostaw, Glass Works Orzysz. The men-
tioned plants were carefully searched through existing and available open sources of
information: their profile of business, including the availability of accepting the raw
materials for recycling processes [45-52]. Based on the verified result of searching,
the final receivers (without brokers) were identified and the distance from the sorting
station in Krakow to the recycling plants were calculated. The final receivers for the
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secondary raw materials were recognised as follows: for paper — Mondi in Swiecie,
for glass — glass works in Jarostaw, for soft plastics (foils) — Olimar plant located
in Wieliczka, Marseplast in Niepotomice, for hard plastics - ERMax in Dabrowa
Gornicza and Polowat in Bielsko-Biata, for aluminium Alueco in Barczygtow (near
Konin), for ferrous metals — ArcelorMittal in Krakow. The distances for the final
receivers of the recovered secondary raw materials are shown in Table 11. The load
capacity of the vehicle was adopted as 20 Mg.

Table 11. Figures for transport of the secondary raw materials to the recycling stations

The secondary raw material Distance to thT kr;cr::]ycling stations
Paper 480
Glass 215
Ferrous metals 15
Non-ferrous metals 380
Soft plastics 15
Hard plastics 85
Textiles 15

6. Discussion of the results of the life cycle inventory

The above mentioned results of the life cycle inventory can be divided into two
categories:

1) the life inventory results with low uncertainty,

2) the life inventory results with high uncertainty.

The results with low uncertainty are these related to the quantity of the col-
lected waste introduced into the system (mix waste and separately collected waste)
and the composition of non-separately collected waste. The uncertainty of data on
the quantity of the collected waste depends on the quality of the elaborated report
on the realization waste management plan [28]. That document in turn is based on
the reports prepared by the waste collector operators and depends strongly on their
reliability and credibility.

The uncertainty with the composition of non-separately collected waste relates
to the variability of the generated waste (season, type of built-up area, society’s af-
fluence etc.). It could be assumed that examination on the composition of municipal
waste in Krakow was properly conducted by IETU [27]. IETU is one of the leading
centres in Poland performing such examinations. But still the variability of the waste
composition is significant through the years and proven by the multiple researches
conducted for the same city [23-27]. Moreover the composition of bulky waste for
this study was calculated based on available literature studies [29, 30].



Application of the INM-PL Model for the Life Cycle Assessment (LCA) of Municipal... 51

Even though data on the quantity and composition of waste introduced into the
system have some limitations, the uncertainty of results of the life inventory in this
scope is low, contrary to the uncertainty of the inventory of the treatment processes,
transport and sorting, which is high. For each process assumptions and calculations
were made because of the lack the exact data. Particulate difficult was the proper
estimation of the waste transport parameters in various stages, and fuel — energy
balances of the waste treatment plants.

The values for transport introduced into the model were estimated and cal-
culated as averages. Yet, the routes of waste transport are exceedingly diverse,
load capacities of different vehicle types are various as well as fuel consumption
per 100 km. The default values of the IWM-Pl model accepted for the purpose
of this study, energy consumption or fuel consumption of the waste treatment
plants are burdened with some uncertainty. Other parameters of the waste treat-
ment processes are not either absolutely certain. For example default value for
gas generated from 1 Mg organic fraction of waste is 250 m*/Mg in the IWM-PL
model. While according to various authors, those values could range from
180-240 m3/Mg of mix waste [37], 120-180 m?*/Mg mix waste [35], 150-170 m*/Mg
mix waste [39].

Additionally the structure of introducing the data in the INM-PL model has
some limitation. For example the production process of the RDF fuel is possible only
for non-separately collected waste, but not for remaining waste (ballast) after sorting
of the separately collected waste and dismantling of the bulky waste.

The life cycle inventory results are the subject for the next phase of the life cycle
assessment — the life cycle impact assessment LCIA. The results of LCIA are shown
in the part 2 of the study.
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