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Abstract: The work concerns a detailed analysis of the possibilities of increasing
environmental protection by increasing the efficiency of selective collection of
municipal waste in the city of Wroclaw and the economic conditions of this
activity. The study includes a short introduction and an overview of waste
morphology indicators. Then, a research model for the study of the morphology of
municipal waste is discussed, based on the example of Wroclaw (Poland). Finally,
3 variant cost models of measures supporting the segregation of municipal waste
were described and discussed. The article ends with a numerical example for
Wroclaw along with a verification of the applicable rates for municipal waste
collection fees, whether sorted or not.
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1. Introduction

The problem of waste management in the aspect of environmental protection is
the subject of interest of the society, local governments, state authorities and
scientists. It was noted that the problem of waste management is an important
element of activities of modern societies. Thus, broad-spectrum activities and
studies have been undertaken identifying key elements of waste management. In
order to analyze the issues concerning the state and development trends of the
waste management problem, selected publications in this area have been re-
viewed. On this basis, areas relevant to waste management issues were selected,
i.e. handling of waste on the example of a motor vehicle, recycling process,
transport, organization of waste management (Bendkowski & Wengierek 2002,
Bendkowski & Wengierek 2004, Bujak & Zajac 2013).
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The issue of dealing with waste which is a used motor vehicle. In this
area, product recycling is an important issue (Schaik & Reuter 2004, Chamier-
Gliszczynski & Krzyzynski 2004), identification of the end-of-life stage of
transport vehicles in the product life cycle (Chamier-Gliszczynski 2011), organ-
ization of a collection network for end-of-life vehicles (Merkisz-Guranowska
2010, Merkisz-Guranowska 2012), the issue of reuse, recovery and recycling
system of end-of-life vehicles (Chamier-Gliszczynski 2010, Chamier-
Gliszczynski 2011a, Chamier-Gliszczynski 2011b, Ohno et al. 2015, Merkisz-
Guranowska 2018, Czwajda et al. 2019).

The transport task takes into account research in the area of environ-
mentally friendly transport (Jacyna et al. 2018, Izdebski & Jacyna 2021) and
organization of waste transport and collection of individual waste (Wozniak et
al. 2016, Stryjski et al. 2020, Jacyna-Gotda et al. 2017, Izdebski & Jacyna 2018,
Izdebski 2014, Kosobudzki et al. 2018). One of the examples of the organiza-
tion of waste transport is phosphoric acid transported by barges to the heap in
Poland (Wedrychowicz et al. 2019).

Issue of waste management organization. In this area, the Waste Law
(Dz. U. 1997 nr 96, poz. 592, Dz. U. 2001 nr 62, poz. 628, Dz. U. 2007 nr 39,
poz. 251, Dz. U. 2008 nr 111, poz. 708, Dz. U. 2008 nr 25, poz. 150), which
first of all imposes the requirement to sort municipal waste, was introduced in
Poland with the aim to increase the quantity of selectively collected waste and,
consequently, to reduce the quantity of landfilled waste, to get rid of hazardous
substances from the waste stream and, in particular, to save energy and recover
valuable recyclables (Jajczyk et al. 2020, Gabryelewicz at el. 2020).

However, implementing this system, raising public awareness and tak-
ing the appropriate logistical measures is problematic and very costly. It might
seem that the sale of selected recyclables and their reuse as materials in produc-
tion processes should cover the costs related to waste management and addi-
tionally bring profits. Unfortunately, that's not the case. Therefore, citizens are
obliged to pay a municipal waste management fee. Despite this, sorted waste is
still only marginally cheaper than mixed waste; landfill fees are getting higher
every year, waste treatment facilities are being built very slowly, mostly by
private companies, and low commodity prices are making waste sorting and
recycling less and less profitable. Further on, an analysis has been made of the
possibilities of increasing the above-mentioned selective collection of municipal
waste in Wroclaw and of the economic conditions of this activity. The direc-
tions of organizational and technical measures have been presented in terms of
the possibilities of increasing the selective collection of waste as well as an
economic analysis of the potential profits connected with the collection of sort-
ed waste.
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2. Research method

Information on the morphology of waste makes it possible to reliably formulate
a waste management plan, the selection of the best methods for its disposal is
conducive to designing an effective selective collection process. For this pur-
pose, quantitative and qualitative tests shall be carried out in accordance with
standards on how the samples are prepared and taken, and how the composition
and individual components are determined. In addition, knowledge of the quan-
tity, properties and morphology of waste allows for a reliable valuation of waste
management services. Such studies also make it possible to develop reliable,
long-term forecasts of the amount and type of waste generated in a given area.
Forecasting is a very important factor when it comes to city development pro-
jects or implementing an efficient waste disposal system.

2.1. Quantitative studies

In the literature (Robak 2015) one can find quantitative studies carried out to
determine the number of transport means needed, the frequency of export and to
determine the size of landfills or waste treatment facilities. The tests shall be
carried out on samples of at least the weekly amount of waste collected, as the
daily amount could be unreliable due to large inter-day variation. Studies are
carried out in selected regions, i.e. in areas with similar characteristics, e.g. in
places with similar building development systems or in places with commercial
and service facilities. The mass of waste is calculated on the basis of the weight
of the transport vehicles before and after emptying them of the collected waste.
The volume, on the other hand, is determined by the number of containers emp-
tied and their volume. Assuming that there are 4.33 weeks in a month, the annu-
al Q, accumulation can be estimated (Equation 1).

Qq = (Z%Z Qweek) * 4,33 [Mglyear] (D

The amount of waste generated is variable over time, it can be deter-
mined by a random distribution; comparing the amount generated over a short
period of time, significant fluctuations can be observed. When looking at it over
a longer period of time, one can see that this condition can be described quanti-
tatively and qualitatively. The aforementioned coefficient of waste accumula-
tion irregularity, expressed as the ratio of the monthly value of the waste mass
to the monthly average value calculated over the year, is used for this purpose.

The volumetric municipal waste accumulation rate is defined (Zajac
2015) as the volume of waste collected per unit time in a container. The waste is
loosely thrown in, i.e. without mechanical compaction such as in garbage
trucks, for example. This indicator is expressed in unit volume per capita.
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The bulk density of waste (Wolny 2010) [kg/m’] determines the weight
of 1 [m®] of waste and is an important parameter in planning the collection fleet
and the number of waste collection containers.

2.2. Qualitative studies

This type of studies is done to determine the nature of the waste and to the pos-
sibility of disposal by an appropriate method. We distinguish 3 types of such
analyses:

1. Fractional analysis (sieve analysis) is used for preliminary division of waste
into 4 grain fractions according to their size. Performing fraction analysis is
necessary to initially determine the possibility of their separation and use of
some of its components, and to move on to the next step which is prelimi-
nary treatment of waste, i.e. sorting, separation, shredding. An additional
advantage of subjecting waste to this procedure is the separation of the fine
fraction, e.g. ash, which is a ballast substance that deteriorates its fertilizing
properties, for instance. On the other hand, the ash, once separated, can be
used for concrete, roads, etc. (Sieja 2006, Siemigtkowski 2011, Wolny 2010).

2. Physico-chemical analysis is carried out by testing susceptibility to bio-
chemical and thermal processes. Based on this analysis, the fertilizer and
fuel properties of the waste are determined. Based on the results of these
tests, it is determined whether the waste from a given site is susceptible to
biochemical transformation, which will determine the validity of the ra-
tionale for establishing a treatment facility at a given site. From the techno-
logical point of view, the best solution is to dispose of properly selected
fractions, i.e. combustible parts should be burnt, organic parts should be
composted, and usable parts should be utilized (Stys 2014, Stys et al. 2016,
Sty$ 2013, Zajac et al. 2020).

3. Morphological analysis separates waste into individual streams, i.e. waste
types with averaged composition. It is important to extract as many compo-
nents as possible. Such testing is very important because it carries infor-
mation about the possibility of recycling, about the suitability for particular
processing methods and about returning raw materials to production. These
tests are performed manually on a sorting table.

The following morphological components or fractions of waste are dis-
tinguished: paper and cardboard, plastics, textiles, glass, organic waste, metals,
hazardous waste, wood, composite, waste.

In this paper, waste tests were carried out in Wroclaw according to the
PN-93/Z-15006 standard: Determination of morphological composition. In spite
of growing demand for municipal waste research at local, regional and national
as well as international level, no official, uniform and universal waste research
methodology has been introduced so far in the European Union (Zajac & Kwas-
niowski 2017, Zajac et al. 2019).
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3. Studies on morphology of municipal waste from Wroclaw

The waste studies conducted in large cities most often take place in three differ-

ent residential environments, with the following type of development:

e multi-family, multi-storey buildings with central heating, so called environ-
ment I,

e in the city centre, with a different heating system and many nearby shops
and catering establishments, the so-called environment II,

e single-family, low-rise buildings with gardens and predominantly individual
heating systems, so-called environment I11.

From 1992 to 2005, the composition of municipal waste was measured
three times in the city of Wroctaw. The study was performed in the three resi-
dential environments indicated above at different times of the year — Fig. 1.
Comparison of the results of the tests conducted showed significant changes in
the morphology of the waste:

e the fine fraction (<10 mm) decreased significantly; in 1992/93 it amounted
to 50-60%, and already in 2004/05 it was 30-40%,

e the glass fraction increased from 4.5% in 1992 to 11% in 2004. The reason
for this was an increase in the amount of produced glass packaging,

e observed slight variations in the content of the paper and waste paper frac-
tions,

e a significant increase was observed in the content of waste intended for bio-
degradation.
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Fig. 1. Composition of municipal waste in 1992-2005 in Wroctaw
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The composition of municipal waste is greatly affected by the time of
year. Figure 1 shows the predominance of the kitchen and garden waste fraction
in summer and autumn. The increase in the content of fraction <10 mm in the
winter period was influenced by the method of heating residential buildings.

Analysis of conducted studies on the composition of waste in rural are-
as. Studies on the morphology of waste generated in rural areas were carried out
from Autumn 2011 to December 2012. The study included residents of different
ages and number of persons in the family. From Figure 2, it can be seen that the
most waste is generated in families of 2-3 people, especially in winter. The
amount and composition of generated municipal waste depends on the season of
the year (Table 1). In rural areas, the largest increase in the fraction of furnace
waste is observed in winter, which is largely due to the heating of buildings
with solid fuel. In spring and summer, the content of plastics in waste increases,
which is related to the increase in consumption of cooling drinks.
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Fig. 2. Seasonal household waste accumulation rates in rural areas [kg/M]

Table 1. Morphological composition of selected waste fractions in rural areas [kg/M]

Type of fraction Spring Summer Autumn Winter
1. Glass 3.82 4.44 4.05 3.61
2. Plastics 3.03 3.35 2.63 2.74
3. Biodegradable 19.1 18.71 18.9 19.97
4. | Paper and cardboard 1.85 2.5 1.79 2.05
5. Metals 0.57 0.66 0.79 0.71
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Table 2. cont.

Type of fraction Spring Summer Autumn Winter
6. Textiles 0.46 0.46 0.32 0.35
7. Wood 0.01 0.02 0.01 0.01
8. Burning residues 6.31 1.51 2.79 13.19
Total 33.15 31.65 31.28 42.63

Figure 3 illustrates the composition of each waste fraction in rural areas
in spring. The dominant waste content is biodegradable waste, which includes
kitchen and garden waste. In rural households, it is perfectly possible to use this
type of waste by creating a home composter.

4. Models of municipal waste collection and treatment

Each model has a different direct and indirect cost path, which ultimately trans-
lates into the total cost of waste disposal. The goal is to analyse each path to get
the clearest picture of all cost components. The cost balance for each model ana-
lyzed will also be recorded. On its basis it will be possible, with all the company's
data, to calculate how much the residents should pay to balance all the costs and
profits resulting from the collection and treatment of waste. It will also be possi-
ble to see the trend, i.e. which components have the greatest impact on the total
cost of disposal, which will clearly indicate which elements subjected to optimi-
zation will significantly reduce the cost of waste collection (Jajczyk 2016).
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Fig. 3. Waste composition in rural areas during winter
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Three cost model variants for municipal waste collection and treatment
are presented below: Cost model — variant I-I1I, which allow to determine the
amounts of residents' fees for municipal waste depending on the variant of
waste management after its collection in [PLN/person/month]. In each model,
several basic processes can be distinguished. These are mainly: transport of
waste between Recipient — Regional Municipal Waste Processing Facility,
waste sorting at Regional Municipal Waste Processing Facility (mixed waste
separately, pre-sorted waste separately), transport between Regional Municipal
Waste Processing Facility — PROCESSING PLANT (for recovered raw materi-
als), transport between Regional Municipal Waste Processing Facility — LAND-
FILL (for both waste not suitable for processing separated as a result of selection
and waste transported directly to landfill).

The basis for rate considerations is the cost balance equation (2 and
next). The costs of operation K of the municipal waste management system
should be covered in full by fees paid for collection of waste from residents and
profits from sales of recyclables over a specified period of time (month, year).
The relationship below shows the balance of the municipal waste management
system functioning on a monthly basis.

K=0,+7Zg (2)
where:

0,, — fees from residents for municipal waste collection [PLN/month],
Zs — profits from sales of sorted waste [PLN/month].

Fulfillment of the above equation indicates full utilization of all funds
received. Service providers do not suffer a loss and residents do not overpay for
the service. The essence is to find a rate for waste collection (0,,) such that
companies are able to generate profit while optimizing their own costs. Too
high a value of the 0, indicator results in excessive subsidies for companies,
which manifests itself in the growth of administration and the lack of their own
activity in innovation. Too low a value precludes a viable business.

The total cost of operating the K waste management system consists of
the costs incurred by the transport company, the costs of the waste sorting plant
(Regional Municipal Waste Processing Facility) and the costs related to waste
disposal. Using equationbelow, the total cost of operating the municipal waste
collection and management system can be calculated.

K = Kf + Kps + Kyt 3)
where:
Ky — operating cost of transport company [PLN/month],
Ky — operating cost of sorting plant [PLN/month],
Ky — cost of depositing waste at the landfill [PLN/month].
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It is possible to determine the monthly O,, fee that each resident should
pay for the collection and management of the generated municipal waste. This
rate can be calculated using the following formula.

K—Kss

0
M M,

“
where:
M, — number of residents generating collected municipal waste.

Pursuant to the current legal regulations, the municipality establishes
the rate for municipal waste collection and management. The entire amount
collected from all N residents is transferred to the Regional Municipal Waste
Processing Facility. To calculate the total amount collected from residents, the
following equation 5 should be used.

N =M, Og ®)

where:
O, — monthly rate for residents set by the municipality [PLN/person/month].

It should be noted that the rate Oy, may be different from the rate O
despite the fact that they refer to the same thing. This is due to a different way
of calculating the rate in question.

The transport company that collects municipal waste incurs various
costs. The total Kr; costs of operating a transport company are expressed in
relation 6.

Ko = Y K; (6)

where:
Y. K; — sum of individual costs of waste transport [PLN/month].

The costs of the transport process can be divided in terms of volume
and level of activity into: variable (which include: energy and operating materi-
als, fuel, tyres) and fixed (which include: repairs and maintenance services,
taxes on transport, real estate and land, loans and lease, depreciation, staff wag-
es and surcharges, insurance, external services, road and environmental charges,
other transport activity costs).

The costs incurred by transport companies depend on the number of kil-
ometres travelled by means of transport in a certain period of time. Each transport
company also adds a margin to the costs incurred. Transport companies often use
the term “run". The number of runs 7, is calculated from relation 7.
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Io
e =%, (7

where:

I, — amount of generated waste [kg/month],

Q. — average load capacity of the waste transporting unit [kg].

The amount of waste generated per month (1,) is the amount of waste
generated by each resident for a given number of residents. According to Chief
Statistical Office data, a Pole produces about 26 kg of municipal waste per
month.

The number of runs made is not always determined by the average pay-
load of the vehicle. For waste with low bulk density (e.g. PET packaging), the
number of runs to be made results from the volume of waste the given vehicle
type is able to accept.

Therefore, in order to minimize the number of runs that do not fully uti-
lize the permissible vehicle payload, vehicles with an integrated compaction
system are used to transport waste with low bulk density. Depending on the type
of waste collected, the degree of compaction is: (1:3)-(1:5).

The magnitude of variable transport costs (fuel, consumables, tyres) de-
pends on the total distance covered by the vehicles. The longer the distance
travelled, the greater the significance of variable costs in the total costs.

The calculated route length should include both the distances to be cov-
ered in order to transport the raw material to the place of processing and dispos-
al. The type of vehicles used depends on the distance. For short-distance
transport, it is recommended to use the same vehicles that collect waste from
residents. For long-distance transports, this is uneconomical, as these vehicles
have a lower capacity and require additional personnel to operate them.

The measure that combines fixed and variable costs is the truck-
kilometre (Wy,;,). It is a value that characterizes the sum of fixed and variable
costs per unit time, per unit distance. The cost per truck-kilometre is expressed
in equation 8.

K
Wim = L (8)

where:

Ky — transport company operating costs per month including variable and fixed
costs [PLN/month],

S — distance for which variable costs were assumed [km].
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In the overall costs of the municipal waste management system,
transport has a significant share. The costs are highest in areas with low popula-
tion density and in areas with varied relief. The highest costs associated with
municipal waste collection occur in rural areas. The organization of transport is
significantly influenced by: containers (their quantity and capacity), location of
containers, distances between collection points and installations, vehicle loading
capacity and their technical condition.

The Regional Municipal Waste Processing Facility’s waste sorting plant
carries out sorting of mixed waste and secondary sorting of municipal waste.
The total cost of operation K¢ of the sorting plant is made up of its individual
cost components. The cost of operating the sorting plant is the equation 9.

Kps = X K ©

The waste sorting plant is burdened with the following costs: energy
and materials (including maintenance costs), repairs and renovation services,
taxes, credits and leases (service, instalments), machine and equipment depreci-
ation (depreciation write-offs), insurance, employee salaries, external services,
investment costs, costs related to the production of sold materials (loading, un-
loading), other costs. The sorting plant’s operating costs are strictly related with
the quantity and quality of accepted waste. The company's profit should be in-
cluded in the cost calculations.

It is possible to calculate the operating costs of the sorting plant
K smper resident. This can be done by dividing the cost of operating the sorting
plant by the number of residents it serves. This will give a picture of how much
it costs per resident to operate and maintain a waste sorting plant over a given
period of time (on a monthly basis in this case). The relationship discussed can
be written as follows:

K
Kfsm = 1 (10)

A landfill is a place where only waste from which recyclable waste has
been recovered after previous selection should be disposed of. The sum of the
individual costs of the landfill Ky, affects the total cost of operating the landfill
over a specific time period (month, year). Using equation 11, the monthly oper-
atingcosts of the landfill can be calculated.

wa = EKW (11)

where:
Y. K, — sum of individual costs of municipal waste landfilling [PLN/month].
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The landfill incurs the following costs: consumption of materials and
energy, external services, taxes and fees, remuneration of landfill personnel,
social benefits and insurance, depreciation, fees to the Environmental Protection
Fund for waste disposal, determined by the Ministry of Environmental Protec-
tion [PLN/Mg], fees for gas and dust emissions to air, other costs.

These costs depend on the landfill equipment. The costs of environmen-
tal fees are closely related to the amount and type of waste disposed of.

Both expenditures and income are included in the economic balance
sheet. Companies that manage municipal waste derive revenue from the sale of
recyclables. The amount of these revenues depends on the current market prices
of raw materials and the morphology of waste in a given period. The total profit
Z ¢ results from the sum of the sales of individual fractions that the plant has at its
disposal in a given time. A waste management company is able to estimate the
(monthly, in this case) approximate profit from its operations using Equation 12.
Zys =l Lt (12)

where:
P; — rate for recyclable deposited in the collection point [PLN/kg],
F; — composition of a given recyclable in the generated waste [%].

The individual morphological composition of municipal waste in Poland
is (Robak 2015) paper 13%, metals2%, glass 10%, plastics 13%, kitchen and
garden waste 32%. The remaining fractions: wood, bulky waste, textiles, hazard-
ous waste, multi-material waste, green waste are most often sent to landfills or
utilized through composting and occasionally incinerated. Based on (Robak
2015), a citizen in Poland generates about 26 [kg] of waste on average per
month.From the telephone survey carried out, information on the rate for sale of
particular waste fractions was adopted, which has been used later in this paper.

4.1. Cost variant — variant I

The following cost model of Figure 4a occurs when all the mixed municipal
waste collected goes directly to the landfill. The presented variant is unaccepta-
ble, because the legal regulations introduced in connection with Poland's acces-
sion to the European Union impose the reduction of waste intended for land-
filling to a minimum.
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Fig. 4. Model in total landfilled waste, where: K¢ means the cost of operation of the
transport company, while K¢; means the cost of operation of the RIPOK: Polish
acronym: Regional Municipal Waste Processing Facility, and Kf,, means the cost of
landfilling waste, while Zs; means profit from sales of raw materials

In the variant I model, the total operating costs of the }, K] r; system are

affected by the operating costs of the trucking company and the operating costs
of the landfill, as shown in equation 13.

ietw,s) Kipi = Kreq + Kew (13)

where:
Kyt 1 — operating cost of transport company [PLN/month],
Ky, — operating cost of landfill [PLN/month].

The operating cost of the transport company Ky ; depends on the total
distance travelled S; (in a given time; for a monthly period in this case). It ap-
plies both to runs with cargo to the landfill and returns to the base.

Knowing the value of the sum of all distances travelled on a given route
on a monthly basis S; and the rate per truck-kilometre W, [PLN/km], the cost
Kyt 118 presented in equation 14.
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Kft,l = Wim " 51 (14)

In order to calculate the monthly fee rate per capita in the discussed
model, the formula W, should be used. It is the quotient of all costs (collection,
transport and storing) to be borne by the number of residents from whom waste
is collected. The whole is defined in the same time frame; here it refers to
a month. This relationship is captured by equation 15.

_ XKifi
W, = v (15)
where:
2 K; i — sum of all partial costs in the variant in question,
M, — number of residents from whom waste is collected in the above variant.

This variant has the lowest economic benefits while having the highest
negative impact on the environment.

The pro-ecological policy of the European Union forces its members to
abandon this model. According to Directive 2008/98/EC, each State is obliged
to reduce the amount of waste to be landfilled. For this reason, amendments to
the Polish Waste Act require the creation of waste management plans, the im-
plementation of which is to enable the assumed levels of recyclable utilisation
to be achieved. It is to be welcomed that Poland is on the way to improving its
use of recyclables, although it is a pity that this is the result of European Union
pressure rather than its own initiative.

4.2. Cost model — variant 11

The cost model variant 11, Figure 4b, occurs when selectively collected waste is
taken to secondary sorting and mixed municipal waste is directly deposited at
a landfill. The scheme described above illustrates the situation currently prevail-
ing on the Polish market, as only 15% of the generated waste is sent to sorting
plants, where it is subject to secondary sorting. The cleaned waste is sent for
further processing, which enables some profit to be made.

Similarly as in the previous model, the operating cost of the transport
company Ky ; depends on the total route covered S; (in a given time, here for
the period of a month) It applies both to runs with cargo and returns to the base.
In the model in Figure 4b, the distance S, defines the sum of all distances trav-
elled on the route “selective collection — landfill". S, refers to the route “selec-
tive collection — secondary sorting (Regional Municipal Waste Processing Fa-
cility)”, etc.

In the case of distances S5 and S, the sum of the route lengths is the
product of a single route [ (arrival and return) and the number of necessary
runs ny, to perform; see equation 16.
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Sz =13 ny (16)

It should be noted here that for the route "Regional Municipal Waste
Processing Facility - sale of raw materials" the length of the route (I;) for each
raw material will be different, so in the calculations each raw material should be
treated individually. Knowing the value of Sy, S5, S5, S, [km/month] and the rate
per truck-kilometre Wy, [PLN/km] the cost K is presented in equation 17.
The sum of costs in the variant II model is expressed by formula 18.

Kre = Yie1,234) Krti = Wigm (81 + S5 + S5+ 54) (17)
Yietw,s) Kigi = Kpe + Kpyy + Kpg (18)

The calculation of the W), rate that residents must pay to cover the costs
of operating model II is expressed in equation 19. It also takes into account
profits from the sale of recyclables, the calculation of which is shown.

Wy === (19)

where:

%Kiy ¢i —sum of all costs of variant II,

Z s — profits from the sale of recyclables,

M, — number of residents from whom waste is collected in the above variant.

The rate should be calculated for the expected time frame. If it is to re-
fer to a monthly period, Y. K;; ; and Zg, should be included in the monthly peri-
od. The practice of western countries shows that a system based on the selective
collection of waste is more cost-effective than the costs of operation of a Re-
gional Municipal Waste Processing Facility. In highly developed countries,
Regional Municipal Waste Processing Facilities are replaced by people who
take care of improving the quality of collected waste already at source. Increas-
ing selective collection translates into higher profits from their sale, which af-
fects the final rate for their disposal. A very important activity is the creation of
conditions enabling proper sorting of waste along with raising the ecological
awareness of residents.

4.3. Cost model — variant I11

All the mixed municipal waste collected is sent to sorting plants, as shown in
Fig. 4c, where it is subsequently sent to Regional Municipal Waste Processing
Facilities where it is mechanically sorted. The cost of sorting mixed waste is
more than 3.5 times higher than the cost of secondary treatment of selectively
collected waste - according to information from Wroclaw City Hall.
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Again, the operating cost of the transport company K¢, ; depends on the
total distance covered S; (in a given time; a monthly period was assumed here).
It should be understood as all the distances that have to be covered in order to
pick up and transport waste, as well as to return to the base. The route S; refers
to the sum of distances along the route "mixed waste collection — sorting plant
(Regional Municipal Waste Processing Facility)”, S, refers to the sum of dis-
tances along the route "sorting plant (Regional Municipal Waste Processing
Facility) — sale of raw materials", etc.

Analogically to model II (Figure 4), in the case of distances Sz and S,,
the sum of route lengths is the product of a single route l; (arrival and return) and
the number of necessary runs n;, to be made, which is expressed in equation 20.

Sz =l (20)

It should be noted that for the route "Regional Municipal Waste Pro-
cessing Facility - sale of raw materials" the length of the route (I;) for each raw
material will be different, so in the calculations each raw material should be
treated individually. Knowing the value of S;,S,,S5; and the rate per truck-
kilometre Wy, the cost K¢ is shown in equation 21.

K = Yie1,2,3) Krei = Wim (S1 + S3 + S3) (21)

The sum of all costs in the described model (variant III) is expressed in
equation 22,

Yietw,s) Kurfi = Kee + Kpyy + K (22)
The calculation of the rate that residents must pay to cover the cost of
operating Model III is described in Equation 23. It takes into account profits
from the sale of raw materials that reduce the fee.
_ XK fi—Zss

Win ==—— (23)
where:
2 K1 gi —sum of all costs of variant I11,
Z s — profits from the sale of recyclables,

M, — number of residents from whom waste is collected in the above variant.

The largest share of municipal management costs is accounted for by
"Landfills" and "Sorting plants for non-separate waste" (Regional Municipal
Waste Processing Facility). Transport costs play a secondary role in the global
balance sheet.

Looking at the above model, one can see a trend. The cost burden on
landfills is already decreasing with the use of sorting plants. The whole balance is
strongly affected by costs of sorting the mixed fraction, which are 3.5 times larger
than secondary selection. Profits from the sale of raw materials must not be over-
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looked; these also benefit the financial balance of the process. This is certainly

a better solution than no selection at all and transporting all waste to landfills.

For selective collection, as its efficiency increases, returns on sales in-
crease and the cost of collecting waste at landfills decreases. On the other hand,
the operating costs for secondary selection are much lower than for sorting
plants.Based on this, a trend is emerging that is also noticeable in European
politics. Taking into account the presented models of variant 2 and variant 3,
calculations were made to verify the amount of waste charges. Table 2 presents
the total cost of transporting the monthly quantity of mixed municipal waste

accumulated in Sector I, Variant 2.

Table 3. Total cost of transport of the monthly quantity of mixed municipal waste

accumulated in Sector I

Transport cost

Number of runs 833.00
Average distance to Regional Municipal Waste

Processing Facility in km 35.00
Number of km to be covered per month 91630.00
Amount of fuel required in litres 4134.00
Cost of fuel in PLN 206168.00
Depreciation and insurance cost in PLN 439824.00
Total transportation cost excluding staff PLN 645992.00
Number of trucks 25.00
Number of employees 75.00
Total remuneration of employees in PLN 225000.00
Costs of intervention collections in PLN 100000.00
Total in PLN 970992.00

Other costs to be taken into account are shown in Table 3.

Table 4. Other costs included in municipal waste management. On a per month basis

— for the share of mixed waste only

Cost summary PLN

Cost of waste collection order in PLN 970992.00
Profit margin 15% in PLN 145649.00
Sorting plant in PLN 365712.00

BIO installation in PLN

269089.00
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Table 5. cont.

Cost summary PLN
Landfill site in PLN 313480.00
Landfilling cost (landfill price — including

environmental fee) in PLN 1494021.00
Overhead costs in PLN 190216.00
Administrative costs in PLN 53836.00
Costs of Municipal Waste Selective Collection

Facilities in PLN 12833.00
Costs of purchasing containers and bags in PLN 179471.00
Total in PLN 3995298.00

The values of the costs of mixed waste management in particular sec-
tors are presented in Table 4.

Table 6. The monthly cost of managing mixed municipal waste

Total cost of waste management PLN

Sector I 2397179.00
Sector IT 1284203.00
Sector III 2654019.00
Sector [V 2225951.00
Total 8561352.00

The final total cost is ca. PLN 8561352. The fee for management of
mixed municipal waste in Wroclaw per the number of Wroclaw residents who
do not sort waste is presented in Table 5.

Table 7. Garbage fee rate

Summary of cost estimate

Number of residents who do not sort 347195.00
Cost of mixed waste management [PLN] 8561351.88
Calculated cost per person [PLN] 24.66
Average rate in Wroctaw [PLN] 30.75
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The calculations for variant II (for mixed waste) can be found in Table 6.

It is obvious that part of the sorted waste will not be used as recyclable.
Residues after sorting in the north-central region are transported from Wroclaw
to the Disposal, Recycling and Treatment Facility for Municipal and Industrial
Waste in Rudna Wielka and to the Ecological Disposal Centre in Rusko. This
waste goes to the facility coded as 191212. The average cost of landfilling them
is PLN 329.10 per [Mg].

The calculated cost of storing the sorted waste and the costs of main-
taining the installation, the Municipal Waste Selective Collection Facilities, as
well as the final calculated cost are presented in Table 7.

Table 8. The total cost of transporting a monthly quantity of sorted municipal waste

Transport cost — whole Wroctaw

Number of runs 2199.00
Average distance to Regional Municipal Waste

: A 55.00
Processing Facility in km
Number of km to be covered per month 241890.00
Amount of fuel required in litres 108 851.00
Cost of fuel in PLN 544253.00
Depreciation and insurance cost in PLN 1161072.00
Total cost of transport excluding employees 1705325.00
in PLN
Cost of managing waste such as rubble, oversize 36333.00
items, etc. in PLN
Cost of bio waste management in PLN 363977.00
Cost of glass preparation in PLN 27000.00
Cost of preparing plastics and waste paper 1063000.00
in PLN
Number of trucks 50.00
Number of employees 150.00
Total remuneration of employees in PLN 450000.00
Costs of intervention collections in PLN 100000.00
Total in PLN 3745635.00
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Table 9. Other costs included in municipal waste management. Per month — only for the
share of selectively collected waste

Cost summary PLN

Cost of waste collection orders 3745635.00
Profit margin 15% 561845.00
Sorting plant 1068638.00
BIO plant 786300.00
Landfill 916013.00
Cost of storing the remaining sorted waste 127661.00
Overhead costs 555825.00
Administrative costs 157313.00
Collection of expired medicines 19583.00
Municipal Waste Selective Collection Facility 37500.00
Costs of purchasing containers and bags 146840.00
Total 8123152.00
40% of costs are covered by companies 3249261.00
Final cost 4873891.00

A comparison of the actual rate and the rate calculated from the model
is included in Table 8.

Taking into account the possibility of selling the previously sorted and
prepared fractions, a balance of costs and profits has been drawn up and com-
pared with the potential profitability of waste sorting and its subsequent recy-
cling.

Once the fractions such as plastics, glass and paper are prepared — they
are sold to processors for recycling at a price individually determined by the
recycling company. The calculated sales revenue amounts are shown in Table 9
and the adjusted fee rates are shown in Table 8, column 3.

Table 10. Garbage fee rate

Cost No sale Includes sales
Number of residents who sort, Assumes 284068.00 284068.00
100% payers

Cost of managing sorted waste [PLN] 4873891.00 4180698.00
Calculated cost per person [PLN] 17.16 14.72

Average rate in Wroctaw [PLN] 20.50 20.50
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Table 11. Estimated profit from sales of sorted fractions

Profit from sales of raw materials — monthly quantity

. Purchase price | Quantity put up .
Fraction in PLN/kg for sale in kg Profit in PLN Total
Plastics 0.60 465794.00 279477.00
Waste paper 0.26 856240.00 222622.00
693194.00
Scrap 0.70 124189.00 86932.00
Glass 0.06 1736043.00 104163.00

5. Summary

Analysing the results of the estimated garbage fee rates in Wroctaw and the
municipal waste management existing in that city, one may conclude that the
sorting of municipal waste is hardly profitable at present. The main reason for
low profitability is the high cost, which results from high prices of fuel or
maintenance of waste treatment facilities. Low profit is also connected with the
fact that the preparation of sorted fractions for recycling is expensive, while the
amounts of collected recyclables are also not high enough to cover most of the
costs. Based on the estimated costs and profits of the management of sorted
municipal waste, it may be seen that the profit from the sale of recyclables is
able to cover only about 14.2% of the total costs of the management of sorted
municipal waste. On the basis of analyses, studies and observations, it may also
be concluded that as time passes, the sorting of municipal waste by residents
may be at an increasingly higher level, which may significantly reduce the costs
of preparing such waste for recycling. One of the factors that can lead to this is
the continuous running of programmes promoting an ecological attitude, mak-
ing the public aware of how significant the problem of garbage is.
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