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Abstract

:

Social and economic changes make it necessary to put in a great deal of conscious effort to shift towards a closed-loop economy, where waste provides a source of raw materials. The low level of selective collection of municipal waste poses a challenge in many countries, including Poland. One of the major causes of the problems in Poland lies in the fact that waste collection points (WCPs) do not have adequate waste containers. The paper aims to put forward a proposal to improve the operation of WCPs. Seeking for new solutions, it is necessary to account for the conditions under which the bodies responsible for waste management take their decisions. They have to comply with the legislation in force, and at the same time, choose the options that generate the lowest costs. The study concerned a typical residential district with housing in multi-family buildings. For two fill rate variants and four emptying schedules, the number of above-ground containers was calculated. Two variants: for above-ground containers (variant I) and for semi-underground containers (variant II), were compared in terms of operating costs and investment outlays. The proposed increase in the number of above-ground containers, and additionally providing semi-underground containers, will contribute to increased engagement of the local community in the selective collection of waste.
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1. Introduction


In order to achieve enhanced sustainability and environmental standards, it will be necessary to alter the currently operating economic model. The linear model needs to be replaced with a circular model, which basically is intended to preserve resources in the economy for as long as possible at their highest possible value [1,2,3]. Waste management can play an important role in the shift towards a circular economy. However, the latter will require a great deal of changes, including product design, alternative consumption and business models [4]. One of the components of the waste management system is the collection and storage of waste [5]. The manner in which waste is collected and disposed of at the points of collection affects the cleanliness of residential areas and, ultimately, the living standard of residents [6]. Municipal waste is collected selectively because its morphological composition contains secondary raw materials. The recovery of secondary raw materials facilitates savings in natural resources, energy and reduction in the mass of landfilled waste [6,7]. The principles of selective collection of municipal waste in the EU are defined by Directive 2018/851 [8] and in Poland in legislation specified in [9,10,11,12,13]. According to [13], municipal waste is selectively collected. Waste is categorised into the following fractions:




	
paper, including cardboard and paper packaging waste;



	
glass, including glass packaging waste;



	
plastics and metals, including plastic or metal packaging waste and multi-material packaging waste;



	
biodegradable waste, particularly bio-waste.








The requirement of separate waste collection is fulfilled if the containers and bags ensure that the waste fraction intended for processing is protected against quality deterioration due to, e.g., weather conditions or unauthorized persons [13].



On average, 47.7% of municipal waste is collected selectively in the EU [14]. The highest percentage values are found in Germany, Slovenia, the Netherlands, and Belgium. The values amount to 66.7%, 59.2%, 56.9% and 54.7%, respectively [14]. In Poland, selectively collected municipal waste constitutes 34.1% of the total collected waste [14,15]. Similarly, selective collection remains an issue in the countries of Central Europe. Waste separation rates are as follows: 33.3% in the Czech Republic, 30.8% in Estonia, 38.5% in Slovakia 35.9% in Hungary, 31.5% in Bulgaria and 30.2% in Croatia. Romania, with 11.5% separation, has one of the lowest levels of separate collection in Europe [14].



In Poland, the low level of selective collection of municipal waste results from many years of negligence in the past, in terms of legal and organizational arrangements. Legislative solutions on municipal waste management, adopted at the turn of the century, have not been fully implemented. Changes are still needed, especially at the local community level [13].



Poland’s urban population constitutes 59.86% of 38,265 million inhabitants [15]. Almost a half of the population, namely 44.6%, live in multi-family housing [16]. The most common problems with the selective municipal waste collection system in urban neighborhoods include the following [17,18]:




	
improper segregation, or lack of segregation of waste;



	
contamination of the biodegradable or mixed fraction with construction and packaging waste;



	
disposal of bulky waste and scrap tires at waste collection points (WCPs) without respecting the scheduled collection dates for specific waste types;



	
disposal of hazardous waste (e.g., waste batteries or rechargeable batteries, expired medications, waste electrical or electronic equipment) in containers for municipal waste;



	
large waste volume due to unsquashed PET bottles or unflattened cardboard boxes, which in many cases makes the container capacities too low to hold the total waste amount until the pick-up time;



	
poor aesthetics and order maintenance in WCPs and their surroundings;



	
insufficient number of containers in WCPs;



	
waste collection containers located outside the shelters.








According to [13], starting in 2017, all communes in Poland should segregate municipal waste into five fractions: paper, glass, metals, plastics, and biodegradable waste, especially bio-waste. The number of waste fractions increased to include six categories starting from July 1, 2021, namely paper, glass, metals, plastics, multi-material packaging and bio-waste [19]. However, the regulation [19] says that multi-material packaging ought to be selectively collected together with metals and plastic fractions (Table 1). The task of properly operating the municipal waste management system was delegated to the communal authorities [13]. In accordance with the requirement mentioned above, the communes were obliged to equip the WCPs with an additional number of containers [20,21]. As a result, some new containers had to be placed outside bin shelters because of the lack of space.



The aim of the paper is to discuss selected issues related to the operation of the municipal waste collection in a residential district with multi-family buildings. The study was conducted for the Uroczysko district in the city of Kielce. The district provides a typical example illustrating problems with selective waste collection. The study includes the calculation of the number of above-ground containers with a capacity of 1.1 m3 for two variants of their fill rate, calculation of the number of semi-underground containers with a capacity determined by the number and type of fractions of municipal waste collected, selection of the number of containers, and comparison of investment and operating costs of the proposed solutions.




2. Materials and Methods


2.1. Characteristics of the City of Kielce


Kielce is the capital city of Świętokrzyskie Voivodeship, which is located in central Poland. The city and the surrounding localities constitute the Kielce Metropolitan Area (Figure 1).



Municipal waste in Kielce comes mainly from households and infrastructure facilities, i.e., schools, hospitals, hotels and shopping centers. Since 2013, 100% of Kielce inhabitants have been included in municipal waste collection. In 2019, 68,985.76 Mg of municipal waste was collected in Kielce. The majority of waste, namely 72.5%, was produced by households. The mass of municipal waste collected was 325 kg∙M−1∙a−1 [15]. In accordance with [8,11], in 2021 the communes are obliged to achieve at least 20% (by weight) level of preparation for re-use and recycling of municipal waste. The commune of Kielce has already achieved this target value. However, it will be difficult to obtain the 55% level of preparation for waste re-use and recycling required by 2025. Much effort will be necessary to reach this goal. Morphological composition of municipal waste from urban areas is shown in Table 2.



Residential District Characteristics


The Uroczysko district is located in the north-eastern part of Kielce (Figure 1). Uroczysko is mostly composed of tall, multi-family apartment blocks. The majority of the residential buildings are four-storey blocks, and a few buildings are ten- and eleven-storey high-rises. The Uroczysko district was built in the 1970s. The total number of residents is 6085, and the age structure shows the largest percentage of inhabitants are at post-productive age [24]. The district facilities include a primary school, a secondary school, a creche, two kindergartens, a medical center, and a post office [24]. In 2019, 87 businesses were registered, most of them shops, hairdressing salons or other firms that offer different services. The district has a well-developed network of internal roads connected to county roads. The district area covers a flat terrain.



Municipal waste collection in the district is carried out in accordance with the principles of the Municipal Waste Management System [25], stipulated in current legislation [8,9,10,11,12,13]. The data in [22] showed that the largest percentage fractions of municipal solid waste are biodegradable kitchen waste and plastic waste. Wood waste and hazardous waste are the smallest percentage fractions.



The Uroczysko district is managed by the Świętokrzyska Housing Association. The collection of municipal waste within the district is carried out in the WCPs [26]. Waste collection in educational institutions located in the district is carried out in separate containers, which are not covered by this study. The characteristics of the residential buildings with the number of inhabitants assigned to the WCPs are shown in Table 3.



Municipal waste is collected at the 26 WCPs with bin shelters (Figure 2a). The containers have access flaps with openings to allow collection of the target waste fraction (Figure 2b). Bin shelters can hold about six 1.1 m3 above-ground containers (type PA-1100). Other necessary above-ground containers are placed outside the bin shelters (Figure 3). On average, the distance between the residential building entrance and the WCP is 54.0 m.



The WCPs are equipped with above-ground containers for selective collection of mixed waste, paper, metals and plastics, glass and bio-waste. All above-ground containers are chipped so that data can be recorded to make it easier to control waste collection. The data include the following: location and weight of above-ground container, intended use of above-ground container and identification the truck that collected waste last time [28]. Some of the WCPs contain bell- shaped containers for glass collection. Additionally, metal containers, provided by the Polish Red Cross, for textile collection are often placed near the WCPs [29]. District residents can dispose of their waste electrical and electronic equipment into a special container that was set up by the shopping center. The container was provided by an external company responsible for utilization and recycling of electrical and electronic waste. The number of above-ground containers for municipal waste collection in the district as of 1 March 2020, is shown in Table 4.





2.2. Methods


Based on an on-site visit (8 March 2020; Table 4), and suggestions from the manager and the district inhabitants, it was concluded that the selective waste collection system should be modified. The modification must involve changes in the container number or type. The solutions proposed aim to improve selective municipal waste collection and engage residents in selective waste collection and disposal to a greater extent than before.



2.2.1. Number of Waste Containers


When choosing alternative number and types of municipal waste containers for a WCP, we must ensure that the container capacity of each fraction is sufficient. Whether it suffices depends on the amount of waste generated by the residents assigned to the WCP and how often waste is collected. The latter is determined by a waste collection schedule stating which containers should be emptied and when [30].



According to the Resolution in force [25], the schedule of waste collection from multi-family buildings is as follows:




	
twice a week—plastics and metals;



	
once a week—paper;



	
once every 2 weeks—glass;



	
once a week (from April to October) and once every 2 weeks (from November to March)—bio-waste;



	
every second day—mixed waste.








The number of above-ground containers for the current frequency of municipal waste collection from the district was calculated according to the following formulas.



Mass of the ith component of municipal waste generated by one inhabitant per day [30]:


   m i  =  z i  ·  W m   



(1)




where: mi—mass of ith component of municipal waste, kg∙M−1·d−1; zi—content of ith component in municipal waste stream, %; Wm—mass index of municipal waste accumulation, kg∙M−1·d−1;



Volume of the waste component produced daily by one inhabitant [30]:


   v i  =    m i     ρ i     



(2)




where: vi—volume of the ith waste component generated by a single resident a day, L∙M−1·d−1; ρibulk density of the ith component of municipal waste, kg∙L−1; ρpaper—0.09 kg∙L−1; ρmetals and plastics—0.06 kg∙L−1; ρglass—0.2 kg∙L−1; ρbio-waste—0.255 kg∙L−1; ρmixed waste—0.2 kg∙L−1 [22,30,31].



The number of days within which time the current number of above-ground containers will be filled [31] is expressed as follows:


  t =   n · V ·  k p     v i  · M    



(3)




where: t—number of days within which time a given number of above-ground containers will be filled, d; n—number of above-ground containers, units.; V—above-ground container capacity, L; kp—the filling factor of the above-ground container; vi—volume of the ith waste component generated by a single resident a day, L∙M−1·d−1; M—number of residents.



The required number of above-ground containers for waste collection was calculated based on the formula [31]:


   n i  =    v i  · M ·  k w    V ·  k p     



(4)




where: ni—required number of above-ground containers for the collection of ith component of municipal waste, units; vi—volume of the ith waste component generated by a single resident a day, L∙M−1·d−1; M—number of residents; kw—waste disposal frequency factor; the number of days between waste collections was assumed for: paper—7 days; glass—14 days; plastics and metals—3 days; bio-waste -14 days; mixed waste—2 days; V—above-ground container capacity, 1100 L; kp—the filling factor of the above-ground container, assumed to be 1 according to [30] and 0.85 according to [31].




2.2.2. Fill Rate for the Above-Ground Containers


When the fill rate for the above-ground containers is determined, it is possible to estimate which variants of the waste collection frequency may result in the above-ground containers overflowing. The fill rate of the current number of above-ground containers was calculated on the basis of the formula [31]:


   f c  =  (     k w  ·  v i  · M   n · V    )  · 100  



(5)




where: fc—the fill rate of the above-ground container, %; vi—volume of the ith waste component generated by a single resident a day, dm3∙M−1·d−1; M—number of residents; n—number of above-ground containers, units; V—above-ground container capacity, L.




2.2.3. Semi-Underground System


The underground container system is not widely used in Poland. A wide range of underground containers are semi-underground containers. The above-ground part of such a container is one-third of its total height, while the remaining part is located under the ground surface. The underground section, in the form of a plastic inner container or a re-usable bag (“big bag”) made of polypropylene, is placed in a concrete well. Semi-underground containers are emptied using vehicles with a two-hook hydraulic vehicle crane system [32,33,34].



In order to improve the selective waste collection system in the Uroczysko district, a set of semi-underground containers is proposed. The replacement of the currently used bin shelters with semi-underground containers is justified by the following [6]:




	
they occupy far less space and space limitations are common in high rise developments;



	
they have higher usable capacity than surface containers;



	
due to waste compaction, the container capacity can be doubled;



	
they offer better aesthetic;



	
constant temperature conditions are maintained due to slower degradation of organic waste;



	
odour emissions are reduced, especially during the summer season;



	
maintenance requirements are reduced;



	
containers are protected against vandalism and animals.








The number of semi-underground containers was calculated based on Formula (4). While selecting the container capacity for a given waste fraction, the authors drew on the relevant experience of the Polskie Pojemiki company in this respect [35].




2.2.4. Municipal Waste Management in Terms of Efficiency—Selected Aspects


In a market economy, businesses have to use their resources effectively. As regards waste management, the system efficiency is of prime importance. That should be considered in relation to the fulfilment of criteria used to evaluate this process, i.e., [36]:




	
environmental issues, which include both reducing environmental pollution and the use of non-renewable resources;



	
economic—when designing a waste management project, the costs of investment, maintenance and amortisation of the installations, and of associated services, including waste collection and transport, should all be taken into consideration;



	
social, which include various obligations imposed on residents who generate waste, including the waste segregation practices recommended by the local administration.








In order to ensure efficiency and effectiveness of waste management, it is necessary to determine the effects of the activities carried out and to identify the directions of its future development paths. Successful municipal waste management translates into the life quality improvement for the community. That means financial criteria should not solely be taken into account, ethical or environmental ones are equally important to satisfy the needs of the local community [37]. Consequently, the costs of waste management need to be related to expected environmental benefits, and also acceptable for the members of the local community [36]. Currently, efforts are made to build a low-waste economy, also termed a circular economy, so environmental criteria are of primary importance in waste management practices.



An analysis of the status of municipal waste collection in the Uroczysko district shows that it is not fully implemented in accordance with current legislation and requires increased involvement of residents. However, the improvement options are rather limited as the residents are not inclined to segregate the waste they produce. This happens in spite of statutory obligations or educational campaigns.



We therefore investigate how to adjust the selective waste collection system to stimulate proper waste separation by the residents in the residential district under study. Adjustments could lead to a modernization of this field, improved waste separation by the residents and improved acceptance by the local community. However, such a system has a number of limitations, the most important of which are high costs and a need to designate an appropriate site for selective collection. It should be stressed that every decision-making process poses a risk of taking wrong decisions. With waste management, these may lead to financial losses, failure to meet target level of recovery or recycling, degradation of the environment, or lack of social acceptance.



Based on available data, this study gives the performance assessment of alternative selective waste collection system. A comparison of investment and operating costs was made for variants with above-ground containers and semi-underground ones.






3. Results and Discussion


3.1. Number of Containers


In twelve WCPs, the current number of containers is lower than that calculated for container fill rates of 100% or 85% (Figure 3).



In 16 cases, the number of containers for the collection of metals and plastics is higher than the required number resulting from calculation. In the remaining WCPs, assuming 85% fill rate, a similar or the same number of containers was obtained (Figure 4).



Eight WCPs showed a higher number of required glass collection containers for both fill rate options. For two WCPs, the calculations produced a lower number of containers compared with the current state (Figure 5).



The number of containers for biodegradable waste collection was calculated for two existing variants of collection frequency—for the winter season (from November to March; 14-day collection interval) and for the summer season (from April to October; 7-day collection interval). In the summer season, the calculated required number of containers is approximately half the number determined for the winter season. For both frequency variants, the calculated number of containers in most of the WCPs is a higher than the actual number of containers (Figure 6).



The current number of containers for mixed waste collection in all the WCPs is higher than the calculated required number. For both variants of container fill rate, their calculated number is 1 unit (Figure 7). The present number of mixed waste containers is so high because the residents fail to segregate their waste. They put biodegradable waste into mixed waste containers.




3.2. Fill Rate of Above-Ground 1.1 m3 Containers


For the present weekly emptying scheme, paper containers overflowed at 15 out of 26 WCPs. For the collection at 14-day time interval, paper containers also overflowed except for the WCP3, WCP17 and WCP26. With respect to other assumed collection frequency arrangements, paper containers did not overflow (Figure 8).



At current emptying every 3 days, containers for metals and plastics overflowed at WCP1. For container emptying every 7 days, and also every 14 days, containers overflowed at the majority of the WCPs (Figure 9).



When glass is collected every 14 days, containers overflowed at 16 WCPs. When the container emptying takes place every 7 days, containers did not overflow, except for WCP1 (Figure 10).



In the winter season, when bio-waste containers are emptied every 14 days, the containers overflowed at 25 WCPs. In the summer period, when the collection presently occurs every 7 days, overflowing concerns 21 WCPs. When bio-waste is collected every 2 days, overflowing is not found except for WCP1 (Figure 11).



Presently, the collection of mixed waste takes place every 2 days and the containers at all WCPs do not overflow. When the collection of mixed waste takes place every 14 days, the containers overflowed at two WCPs (Figure 12).




3.3. Selection of the Number of Above-Ground Containers with 1.1 m3 Capacity


The analysis of the current number of above-ground containers in the WCPs, of the results of the calculation of the required number of above-ground containers and the fill rate for different collection frequency variants, and the WCP condition assessment during the on-site visit, made it possible to determine a new number of above-ground containers for the collection of the five municipal waste fractions. A summary of the proposed number of above-ground containers is shown in Table 5. When determining the number of above-ground containers for the collection of paper, metals, plastics and glass in the WCPs, the results of the calculation of the required number of above-ground containers with their 85% fill rate were employed. The number of inhabitants, taken into account in all calculations, resulted from the declarations provided by the inhabitants for municipal waste management. This data, however, may not precisely reflect the actual number of people covered by the municipal waste collection system. The assumption of 85% fill rate of above-ground containers provides a spare capacity reserve. If a municipal waste stream grows, the strategy may ensure selective waste collection in above-ground containers.



The current number of above-ground containers assumed for bio-waste collection is rather small because efficiency of this waste fraction segregation is very low. During the on-site visit, it was found that the fill rate of above-ground containers for bio-waste collection was minimal. Bio-waste was generally disposed of by inhabitants into mixed waste above-ground containers. In addition, when calculating the required number of above-ground containers, the authors relied on the data concerning the morphological composition of municipal waste in the Świętokrzyskie Voivodeship cities (Table 2) rather than on the actual fraction share in segregated waste. As a result, it is proposed that the number of above-ground containers for bio-waste collection should remain unchanged for the time being. However, it should be noted that, as residents’ environmental awareness grows and the effectiveness of bio-waste segregation improves, the number of above-ground containers for bio-waste collection or collection frequency will have to increase.



As regards mixed waste collection, it is proposed to reduce the number of above-ground containers by half at each of the WCPs. During the on-site visit, it was found that the total capacity of the above-ground containers exceeded the actual capacity of the fraction to be disposed of. This is also justified by the fact that, with current mixed waste collection taking place every 2 days, the proposed number of bins should be sufficient to ensure that the entire waste stream can be collected. In addition, a reduction in the number of above-ground containers will ease the problem of insufficient WCP area to accommodate a set of above-ground containers for selective waste collection.



Comparing the current and proposed numbers of above-ground containers for the collection of municipal waste in the district, it was found that the number of above-ground containers for paper and glass collection should increase, whereas the number of above-ground containers for metals and plastics, and also for mixed waste, could be reduced (Figure 3, Figure 4 and Figure 5). It is recommended that the number of above-ground containers for bio-waste collection should remain unchanged. If their number proves too small to cover the residents’ needs, it may increase in the future.



In order to guarantee proper waste collection in the Uroczysko district, regular environmental inspections should be performed to check the actual fill rate of the above-ground containers and collection frequency. On that basis, it will be possible to adjust the number of above-ground containers to the degree of waste segregation.



In most WCPs, the total proposed number of above-ground containers is lower than the existing number. For WCP6, WCP7, WCP8, WCP19 and WCP15, the total number of above-ground containers will remain unchanged. The exception is WCP1, where a higher number of above-ground containers is recommended. This results from a relatively large number of inhabitants who use this collection point (Figure 4).




3.4. Number of Containers in the Semi-Underground System


The numbers of semi-underground containers suggested to replace above-ground containers are shown in Table 6. The following waste collection frequencies were adopted in the calculations: mixed waste—every 2 days, metals and plastics—every 14 days, glass—every 7 days, paper—every 14 days and bio-waste—every 2 days. It can be seen that the existing collection frequency was not altered. The semi-underground containers option will require 69 units of 5 m3 containers, 39 units of 3 m3 and 37 units of 1.5 m3. Most WCPs where semi-underground containers are to be installed will require five containers. In one case nine semi-underground containers will be required (WCP1). This is a consequence of the number of residents using this WCP.




3.5. Comparison of Investment and Operating Costs for Two Container Types for Selective Waste Collection


The aim of the analysis was to propose a change in the type of containers for selective collection of municipal waste. The analysis accounted for the local community needs, statutory requirements and performance of tasks by the local authorities in the area of concern. The proposed replacement of currently operated WCPs with semi-underground containers is intended to redesign and consolidate the municipal waste collection system. For the final choice of container type in the future, it is important to compare the investment and operating costs of the solutions.



A variant with semi-underground containers (Variant II) was proposed for the Uroczysko district and compared with the currently operating system (Variant I), i.e., WCPs. A reduction in the WCPs number was taken into consideration (Table 7). For the analysis, the materials provided by [27,35,38] were used.



The analysis employed universal criteria that should be met by the variant selected. They cannot be contradictory and they must be consistent, exhaustive and give adequate assessment [39]. Economic criteria that are usually considered include, among others, one-off investment costs and running operational, technical, environmental and community costs. The variants could be evaluated on the basis of available data. As a result, the investment and operating costs of the proposed solutions were used in the analysis.



The investment outlays amounted to a very high value for Variant II, i.e., 1,830,301.90 PLN, which constituted 84.02% of the total costs (Table 7). Semi-underground containers involve high costs because they are modern, innovative and must be produced from high-quality materials. With respect to operational costs for Variant II, annual costs of collection, transport, recovery and disposal of municipal waste were the highest, namely 327,210.00 PLN (15.02% of total costs). This is also the case for Variant I, for which municipal waste collection, transport, recovery and disposal were the most expensive. With the value of 705,840.50 PLN, however, they constituted 73.83% of total costs.



Investment outlays for Variant I amounted to 172,200.00 PLN (18.01% of total costs). This is explained by the fact that the extension concerned only two out of the 26 bin shelters located in the Uroczysko district. With Variant II, however, all indicated costs cover changes to 26, i.e., all, bin shelters. In both variants, the container insurance costs were the lowest: 15.00 PLN and 5200.00 PLN (0.002% and 0.239% of total costs, respectively). In the operating costs structure, the largest share, as was the case with the total costs structure, was taken by annual costs of collection, transport, recovery and disposal of municipal waste: over 90.05%—Variant I and over 94.02%—Variant II.



Having discussed quantitative (measurable) evaluation criteria, it is necessary to account for qualitative (non-measurable) criteria. They include functionality, modernity, comfort, environmental performance and aesthetics. With respect to those criteria, Variant II is unrivalled. The features of Variant II offer an advantage over any other solutions. The most important characteristics include high efficiency in a small space, a large part of the installation being hidden underground, ease of use (e.g., for people in wheelchairs), possibility of using reclaimed space (e.g., for parking, green areas or recreational use), flexibility of the solution, aesthetics and design. It is important that this solution builds flexibility into the system, because at some point it may be necessary to adapt quickly to changes resulting from national or European legislation, or rapid population growth.



Undoubtedly, Variant II provides many benefits. However, the investment generates high costs. It might be possible to co-fund the project from the EU’s Financial Perspective for 2021–2027 [40]. Within Objective 2: A greener, low-carbon Europe, a specific objective was identified: waste management and effective use of resources. The planned measures concern the prevention and reduction of waste generation, and the results should produce improvement in municipal waste management efficiency. Funding can be applied for under the European Fund for Infrastructure, Climate, Environment (FEnIKS), the European Fund for Eastern Poland (FEPW) and the Regional Operational Programme for the Świętokrzyskie Voivodeship.



In conclusion, further processing and possibilities of disposal, recycling and re-use of municipal waste depend on how the collection is organised. The target variant with semi-underground containers proposed in this study may be considered as a guideline for the construction of a modern, effective, environmentally and people-friendly waste management system, especially in the context of energy transformation within the European Green Deal. Generally, a well-designed municipal waste management system based on waste segregation must be embedded into the sustainable development concept and environmental protection principles. It should be remembered, however, that the system cannot operate without the participation of an educated local community. As a result, the effects of the investment outlays may be visible only sometime after the start of the project.





4. Conclusions


Waste management, especially municipal waste management, is one of the tools in the movement towards a closed-loop economy. Selective waste collection undoubtedly contributes to changing the consumption model. The five-container waste collection system currently operated in Poland requires not only the involvement of the system users but also adequately preparation of the WCPs. In an urban district with multi-family buildings, the residents face problems with selective collection resulting, among others, from insufficient number of above-ground containers. A solution could be to substitute above-ground containers in the WCPs with semi-underground containers. This investment will cost 1,830,301.90 PLN, which may not be a priority during the COVID-19 pandemic. A change in the number of containers is a cheaper option. Additionally, this can be done in stages. They could be adjusted to residents’ level of involvement in selective collection of municipal waste. The authors believe they will continue research into this subject. This will include the analysis of stages of the process of changing the number and type of containers.
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Figure 1. Kielce city and the Uroczysko district location on the map. 
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Figure 2. Example of waste collection point: (a)—WCP14; (b)—detail of container for metal and plastics. 
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Figure 3. Current and calculated number of above-ground containers for separate collection of paper. 
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Figure 4. Current and calculated number of above-ground containers for separate collection of metal and plastic fractions. 
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Figure 5. Current and calculated number of above-ground containers for separate collection of glass. 
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Figure 6. Current and calculated number of above-ground containers for selective collection of bio-waste fraction. 
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Figure 7. Current and calculated number of above-ground containers for selective collection of mixed waste fraction. 
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Figure 8. Fill rate in the current number of above-ground containers for separate collection of paper; Lack of the WCP1 on the list results from the absence of above-ground containers for paper collection at present. *—current frequency of waste collection. 
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Figure 9. Fill rate of the current number of above-ground containers for collection of metal and plastic fractions; *—current frequency of waste collection. 
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Figure 10. Fill rate of the current number of containers for glass collection; *—current frequency of waste collection. 
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Figure 11. Fill rate of the current number of above-ground containers for bio-waste collection; *—current frequency of waste collection; 14-day time interval—waste collection in winter; 7-day time interval—waste collection in summer. 
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Figure 12. Fill rate of the current number of above-ground containers for collection of the mixed waste fraction; *—current frequency of waste collection. 
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Table 1. Method of selective collection of municipal waste in Poland in accordance with [13,19].
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	Waste Fraction/Container Colour Coding
	Waste Types





	Paper/blue
	Paper packaging, cardboard, paperboard, catalogues, leaflets, brochures, newspapers, magazines, school and office paper, printed sheets, notebooks and books, wrapping paper, paper bags and sacks



	Glass/green
	Drinks and food bottles and jars, cosmetics glass packaging



	Metals and plastics/yellow
	Unscrewed and squashed plastic drinks bottles, bottle tops, plastic food packaging, multi-material packaging, cleaning product packaging, plastic bags, sacks, carrier bags, aluminium drinks and juice cans, food tins, aluminium foil, non-ferrous metals, bottle caps, jar tops and toys



	Bio-degradable waste/brown
	Vegetable and fruit waste, tree and bush branches, grass cuttings, leaves, flowers, sawdust and tree bark, food leftovers



	Residual waste/black
	Used nappies; hygiene waste; other waste that cannot be placed in the other containers excluding hazardous waste
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Table 2. Morphological composition of municipal waste from urban areas of the Świętokrzyskie Voivodeship, based on [22] *.
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	Type of Waste
	Morphological Composition of Municipal Waste, % Mass





	Kitchen and garden waste
	35.33



	Plastics
	11.30



	Glass
	10.20



	Paper and carboard
	9.96



	Fraction < 10 mm
	6.72



	Waste from green areas
	5.35



	Other waste
	4.90



	Textiles
	4.15



	Multi-material waste
	4.07



	Mineral waste
	2.92



	Bulky waste
	2.62



	Metals
	1.47



	Hazardous waste
	0.70



	Wood
	0.32







* The obligatory document “The Waste Management Plan for the Świętokrzyskie Voivodeship”, which was adopted by Resolution No. XXV/356/16 by the Regional Assembly of The Świętokrzyskie Voivodeship of 27 July 2016. In [22] the authors used the information presented in [23].
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Table 3. Summary of residential buildings and number of inhabitants assigned to the WCP on base [27].






Table 3. Summary of residential buildings and number of inhabitants assigned to the WCP on base [27].





	WCP Number
	Number of Inhabitants
	Number of Residential Buildings/Building Category





	1
	482
	3/low-rise + 1/high-rise



	2
	178
	1/low-rise



	3
	119
	1/low-rise



	4
	251
	1/high-rise



	5
	257
	1/high-rise



	6
	257
	1/high-rise



	7
	425
	1/high-rise



	8
	341
	3/low-rise



	9
	195
	2/low-rise



	10
	206
	2/low-rise



	11
	285
	3/low-rise



	12
	137
	1/low-rise



	13
	319
	2/low-rise



	14
	310
	3/low-rise



	15
	308
	3/low-rise



	16
	89
	1/low-rise



	17
	143
	2/low-rise



	18
	179
	2/low-rise



	19
	263
	1/low-rise + 1/high-rise



	20
	271
	3/low-rise



	21
	122
	1/high-rise



	22
	242
	2/high-rise



	23
	122
	1/high-rise



	24
	253
	3/low-rise



	25
	262
	3/low-rise



	26
	69
	1/low-rise
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Table 4. Number of above-ground containers in the WCPs as of 1 March 2020 [27].
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Number WCP

	
Number of Above-Ground Containers




	
Mixed Waste

	
Metals and Plastics

	
Glass

	
Paper

	
Bio-Waste






	
1

	
6

	
2

	
1

	
0

	
1




	
2 *

	
5

	
3

	
1

	
1

	
1




	
3

	
9

	
3

	
1

	
2

	
2




	
4 *

	
4

	
3

	
1

	
1

	
1




	
5

	
9

	
3

	
1

	
1

	
1




	
6

	
5

	
2

	
1

	
1

	
1




	
7

	
7

	
3

	
2

	
1

	
1




	
8

	
6

	
2

	
1

	
1

	
1




	
9

	
9

	
3

	
1

	
1

	
1




	
10

	
3

	
2

	
2

	
1

	
1




	
11

	
7

	
3

	
1

	
2

	
2




	
12

	
4

	
3

	
1

	
1

	
1




	
13

	
6

	
2

	
1

	
2

	
1




	
14 *

	
7

	
3

	
1

	
1

	
1




	
15

	
4

	
2

	
1

	
1

	
1




	
16

	
4

	
2

	
2

	
1

	
1




	
17 *

	
4

	
2

	
1

	
2

	
1




	
18

	
5

	
2

	
1

	
1

	
1




	
19

	
4

	
2

	
1

	
1

	
1




	
20 *

	
6

	
3

	
2

	
2

	
1




	
21

	
4

	
3

	
2

	
1

	
1




	
22

	
5

	
2

	
1

	
1

	
1




	
23 *

	
3

	
3

	
2

	
1

	
1




	
24 *

	
6

	
3

	
2

	
1

	
1




	
25

	
6

	
2

	
1

	
1

	
1




	
26

	
2

	
1

	
1

	
1

	
1




	
Total

	
140

	
64

	
33

	
30

	
28








*—WCP to which an on-site visit was made.
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Table 5. Current and proposed number of 1.1 m3 capacity above-ground containers.
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WCP Number

	
Mixed Waste

	
Metals and Plastics

	
Glass

	
Bio-Waste

	
Paper

	
Total CNC *

	
Total

PNC **




	
CNC *

	
PNC **

	
CNC *

	
PNC **

	
CNC *

	
PNC **

	
CNC *

	
PNC **

	
CNC *

	
PNC **






	
1

	
6

	
3

	
2

	
3

	
1

	
3

	
1

	
1

	
0

	
4

	
10

	
14




	
2

	
5

	
3

	
3

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
11

	
7




	
3

	
9

	
5

	
3

	
1

	
1

	
1

	
2

	
2

	
2

	
1

	
17

	
10




	
4

	
4

	
2

	
3

	
2

	
1

	
2

	
1

	
1

	
1

	
2

	
10

	
9




	
5

	
9

	
5

	
3

	
2

	
1

	
2

	
1

	
1

	
1

	
2

	
15

	
12




	
6

	
5

	
3

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
2

	
10

	
10




	
7

	
7

	
4

	
3

	
3

	
2

	
3

	
1

	
1

	
1

	
3

	
14

	
14




	
8

	
6

	
3

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
3

	
11

	
11




	
9

	
9

	
5

	
3

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
15

	
9




	
10

	
3

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
1

	
2

	
9

	
7




	
11

	
7

	
4

	
3

	
2

	
1

	
2

	
2

	
2

	
2

	
2

	
15

	
12




	
12

	
4

	
2

	
3

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
10

	
6




	
13

	
6

	
3

	
2

	
2

	
1

	
2

	
1

	
1

	
2

	
2

	
12

	
10




	
14

	
7

	
4

	
3

	
2

	
1

	
2

	
1

	
1

	
1

	
2

	
13

	
11




	
15

	
4

	
2

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
2

	
9

	
9




	
16

	
4

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
1

	
1

	
10

	
6




	
17

	
4

	
2

	
2

	
1

	
1

	
1

	
1

	
1

	
2

	
1

	
10

	
6




	
18

	
5

	
3

	
2

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
10

	
7




	
19

	
4

	
2

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
2

	
9

	
9




	
20

	
6

	
3

	
3

	
2

	
2

	
2

	
1

	
1

	
2

	
2

	
14

	
10




	
21

	
4

	
2

	
3

	
1

	
2

	
1

	
1

	
1

	
1

	
1

	
11

	
6




	
22

	
5

	
3

	
2

	
1

	
1

	
2

	
1

	
1

	
1

	
2

	
10

	
9




	
23

	
3

	
2

	
3

	
1

	
2

	
1

	
1

	
1

	
1

	
1

	
10

	
6




	
24

	
6

	
3

	
3

	
2

	
2

	
2

	
1

	
1

	
1

	
2

	
13

	
10




	
25

	
6

	
3

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
2

	
11

	
10




	
26

	
2

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
6

	
5




	
Total

	
208

	
112

	
100

	
64

	
56

	
67

	
43

	
43

	
47

	
70

	
454

	
356








* CNC—current number of above-ground containers; ** PNC—proposed number of above-ground containers.
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Table 6. Proposed number of semi-underground containers.
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	WCP Number
	Mixed Waste
	Metals and Plastics
	Paper
	Glass
	Bio-Waste





	1
	1 (3)
	1 (5) + 1 (3)
	1 (5) + 1 (3)
	1 (5) + 1 (3)
	2 (5)



	2
	1 (1.5)
	1 (3)
	1 (3)
	1 (3)
	1 (5)



	3
	1 (1.5)
	1 (3)
	1 (3)
	1 (3)
	1 (3)



	4
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)



	5
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)



	6
	1 (3)
	1 (5) + 1 (3)
	1 (5) + 1 (1.5)
	1 (5) + 1 (1.5)
	1 (5) + 1 (3)



	7
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)



	8
	1 (1.5)
	1 (5)
	1 (5)
	1 (3)
	1 (5)



	9
	1 (3)
	1 (5) + 1 (1.5)
	1 (5)
	1 (5)
	1 (5) + 1 (1.5)



	10
	1 (1.5)
	1 (5)
	1 (3)
	1 (3)
	1 (5)



	11
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5) + 1 (1.5)



	12
	1 (1.5)
	1 (3)
	1 (3)
	1 (3)
	1 (3)



	13
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5) + 1 (1.5)



	14
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)



	15
	1 (1.5)
	1 (3)
	1 (3)
	1 (3)
	1 (5)



	16
	1 (1.5)
	1 (1.5)
	1 (1.5)
	1 (1.5)
	1 (3)



	17
	1 (1.5)
	1 (3)
	1 (3)
	1 (3)
	1 (5)



	18
	1 (3)
	1 (5) + 1 (1.5)
	1 (5)
	1 (5)
	1 (5) + 1 (1.5)



	19
	1 (3)
	1 (5)
	1 (5)
	1 (5)
	1 (5) + 1 (1.5)



	20
	1 (1.5)
	1 (1.5)
	1 (1.5)
	1 (1.5)
	1 (1.5)



	21
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)



	22
	1 (1.5)
	1 (3)
	1 (3)
	1 (3)
	1 (3)



	23
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)



	24
	1 (1.5)
	1 (3)
	1 (3)
	1 (3)
	1 (3)



	25
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)



	26
	1 (1.5)
	1 (5)
	1 (5)
	1 (5)
	1 (5)







(5)—semi-underground container with a capacity of 5.0 m3; (3)—semi-underground container with a capacity of 3.0 m3; (1.5)—semi-underground container with a capacity of 1.5 m3.
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Table 7. Investment and operating costs for the above-ground containers and semi-underground containers.
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	Variant I Above-Ground Containers
	Value of Costs

(in PLN)
	Variant II Semi-Underground Containers
	Value of Costs

(in PLN)





	Costs of extending the bin shelters (currently costs relate to the extension of 2 shelters) a
	172,200.00
	Investment costs of semi-underground containers including installation f
	1,830,301.90



	Annual costs of collection, transport, recovery and disposal of municipal waste (2020) b
	705,840.50
	Annual costs of collection, transport, recovery and disposal of municipal waste (2020) g
	327,210.00



	Annual costs of cleaning above-ground containers and bin shelters (charged as part of a cleaning lump sum) c
	78,000.00
	Annual costs for cleaning and disinfecting semi-underground containers h
	15,600.00



	Annual costs of insurance of bin shelters and above-ground containers (lump sum in property property insurance arranged by the Housing Association) d
	15.00
	Annual insurance costs for semi-underground containers i
	5200.00



	Annual costs related to environmental education of the residents in proper municipal waste practices e
	0.00
	Annual costs related to environmental education of the residents in proper municipal waste practices e
	0.00



	SUM
	56,055.50
	SUM
	2,178,311.90







a—based on [27]: 70,000 PLN + 23%VAT; b—based on [27]; c—based on [27]; cost components: 0.5 h × 23 PLN/hour × 26 WCPs × 22 days × 12 month = 78,000 PLN; d—based on [27]; e—materials for residents’ environmental education provided by the City Council; f—based on [35]; the values of investment outlays were calculated based on the price list of all container types and capacities for individual fractions and the following cost components: cost of container installation—950 PLN per a container; concrete block paved area, ranging 24–29 m2, for one WCP (cost of 1 m2 approx. 170 PLN); cost of container locks and keys—140 PLN per a container; 23%VAT should be added to the net cost, which gives a total gross cost per WCP; g,i—based on [38]; h—based on [35].
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