

  sustainability-18-00231




sustainability-18-00231







Sustainability 2026, 18(1), 231; doi:10.3390/su18010231




Article



A Look Back and a Leap Forward: Towards Sustainable Household Segregated Waste Management at Civic Amenity Sites in Białostocki County, a Predominantly Rural Region in Poland



Aurelia Blazejczyk 1,*, Łukasz Wodzyński 2, Dorota Kula 3, Agata Kocia 4, Agnieszka Bęś 5, Łukasz Sikorski 5, Wojciech Truszkowski 6, Alicja Słupska 7 and Maja Radziemska 8





1



Department of Construction Engineering, Institute of Civil Engineering, Warsaw University of Life Sciences—SGGW, Nowoursynowska 159 ST., 02-776 Warsaw, Poland






2



Department of Sustainable Construction and Geodesy, Institute of Civil Engineering, Warsaw University of Life Sciences—SGGW, Nowoursynowska 159 ST., 02-776 Warsaw, Poland






3



Department of Mechanics and Building Structures, Institute of Civil Engineering, Warsaw University of Life Sciences—SGGW, Nowoursynowska 159 ST., 02-776 Warsaw, Poland






4



Department of Finance and Accounting, Faculty of Economic Sciences, University of Warsaw, Długa 44/50 ST., 00-241 Warsaw, Poland






5



Department of Chemistry, Faculty of Agriculture and Forestry, University of Warmia and Mazury, Oczapowskiego 8 ST., 10-719 Olsztyn, Poland






6



Department of Agrotechnology and Agribusiness, Faculty of Agriculture and Forestry, University of Warmia and Mazury, Oczapowskiego 8 ST., 10-719 Olsztyn, Poland






7



Department of Forestry and Forest Ecology, Faculty of Agriculture and Forestry, University of Warmia and Mazury, Oczapowskiego 8 ST., 10-719 Olsztyn, Poland






8



Department of Environmental Development and Remote Sensing, Institute of Environmental Engineering, Warsaw University of Life Sciences—SGGW, Nowoursynowska 159 ST., 02-776 Warsaw, Poland









*



Correspondence: aurelia_blazejczyk@sggw.edu.pl







Citation: Blazejczyk, A.; Wodzyński, Ł.; Kula, D.; Kocia, A.; Bęś, A.; Sikorski, Ł.; Truszkowski, W.; Słupska, A.; Radziemska, M. A Look Back and a Leap Forward: Towards Sustainable Household Segregated Waste Management at Civic Amenity Sites in Białostocki County, a Predominantly Rural Region in Poland. Sustainability 2026, 18, 231. https://doi.org/10.3390/su18010231



Academic Editor: Giovanni De Feo



Received: 21 October 2025 / Revised: 10 December 2025 / Accepted: 18 December 2025 / Published: 25 December 2025



Abstract


Effective municipal waste management is fundamental to environmental sustainability and the circular economy. This case study assesses the operational effectiveness of the Recycling/Civic Amenity Site (CAS) network in Białostocki county, Poland, during the 2014–2018 national waste management transition. A multi-criteria assessment was employed, integrating compliance audits, infrastructure checks, and spatial analysis of waste type distributions to evaluate CAS operations. The findings reveal a socio-economic divergence between more urbanised (town-and-village) and purely rural (village) municipalities, which is directly reflected in their distinct waste composition patterns. The town-and-village areas produced homogeneous, high-quality packaging waste streams that support recycling goals. Conversely, the village municipalities generated more commingled, heterogeneous streams that challenge recycling efforts. An optimised CAS model was proposed for the county to enhance sustainability by adaptively differentiating CAS services to local needs. However, a direct stock-take of all 16 CASs revealed significant infrastructural disparities, limiting the model’s potential. The study concludes that overcoming both the qualitative waste stream divergence and quantitative infrastructure disparities through tailored strategies is essential for meeting national recycling targets and achieving long-term sustainability. The methodology provides a replicable framework for pinpointing the root causes of inefficient operations, offering local authorities evidence-based tools to optimise CAS design and ensure infrastructure investments directly support overarching sustainability goals.
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1. Introduction


Waste management is one of the key frontiers of environmental protection aimed at stopping climate change [1,2,3]. To address the way waste should be managed and reused, the European Union (EU) passed the Waste Framework Directive in 2011 and amended it in 2019. Based on the European Environment Agency data [4] as of 2021, approximately 49% of municipal waste and up to 64% of packaging is recycled. Germany is the leader in terms of recycling trend in Europe, with 70% of municipal waste recycled, and Austria follows just behind, while Romania is in the last place among EU countries with a municipal recycling rate of just 12% [4]. However, taking a broader global perspective, around 2.01 billion tonnes of waste is produced annually, yet only around 33% is recycled [5]. Although the United States is a big contributor to plastic waste generation, it also recycles quite a lot, and thus, it is not the leader of mismanaged plastic waste. In other continents, as of 2019, Venezuela and Uruguay in South America, Zimbabwe and Tanzania in Africa, and Malaysia and the Philippines in Asia did not properly recycle plastic [6]. As of 2019, less than 10% of plastic waste was recycled there [6]; when looking at newer statistics—OECD Global Plastics Outlook 2022 [7]—the data shows no change in plastic reuse.



Recycling of waste provides several benefits, not only environmental but also economic. From an economic viewpoint, the reuse of waste can improve the allocation of market-scarce resources and diminish the effect of overconsumption. Overconsumption can fuel overproduction, and even if it does, the use of recycled matter can help to lower the use of scarce materials. Moreover, recycling can help address aesthetic concerns, as illegal dumps and legal landfills—while the latter adhere to strict environmental protocols—remain environmentally hazardous and visually unappealing, especially in tourist areas [8,9]. Apart from these advantages, there are also costs that must be borne mainly by the public. The above-mentioned benefits are actively facilitated through infrastructure, particularly the Recycling/Civic Amenity Sites (CASs)—which form a part of a broader initiative to promote the circular economy, where waste is minimised, and materials are reused or recycled as efficiently as possible [10,11]. These centralised, staffed facilities accept broader waste streams (fractions) excluded from regular doorstep collection—such as bulky items (e.g., furniture, mattresses, appliances—both electrical and non-electrical), hazardous waste (e.g., batteries [12], paints, pesticides, e-waste [13]), recyclable items (e.g., plastics [14,15,16,17,18], scrap metal, glass, wood [19]), specialty materials (e.g., tyres [20], construction and demolition [21,22], textiles [23,24]), and biodegradable waste (e.g., kitchen [25], green [26]). They are usually strategically located for resident accessibility and operate under strict guidelines for the collection and sorting of primarily recyclable materials. Many also run educational initiatives to inform the public about best recycling practices and waste reduction [27,28].



Within Poland’s municipal recycling and waste management system, the CAS-subsystem is classified as essential technical infrastructure, designated exclusively for collecting household segregated waste—both non-hazardous and hazardous. These facilities can be managed by either governmental or private entities, complying with EU and national recycling and waste management regulations and standards, ensuring that collected materials are processed in an environmentally friendly manner. Polish residents can transfer municipal waste to the CASs free of charge. However, for regular doorstep collection of municipal waste from households and property owners—or for the direct collection and treatment of commercial/special waste from businesses and institutions—each municipality implements additional solutions financed through residential waste fees (for household waste) and contractual waste charges (for business/institutional waste), respectively. The doorstep collection remains a mandatory household service for standard waste streams, while commercial waste requires separate contracts. Though doorstep and commercial aspects fall outside the scope of the CAS subsystem, they remain an integral element of the entire waste management system operating at the municipal level in Poland.



While CAS functions (what they are supposed to do) are clearly defined in Polish regulatory frameworks, their operational effectiveness, particularly during systemic transitions and within specific regional contexts, remains an underexplored area of empirical research, creating a significant knowledge gap. This case study focuses on one county in Poland—Białostocki county—and the CASs located within its municipalities. The primary objective was to determine the operational effectiveness of all facilities managed solely by the public administration units (the Municipal Offices) during the 2014–2018 transition period—a phase defined by regulatory overhaul and operational disruptions.



Although this study primarily evaluates the operational effectiveness of CASs, its findings provide critical insights into the broader sustainability of predominantly rural waste management systems. A multi-criteria assessment was employed, integrating compliance audits, infrastructure checks, and spatial analysis of waste type distributions (using a coded classification system) across local municipalities to evaluate CAS operations within this transitional context. This integrated approach directly connects socio-economic drivers (municipality profiles), material flows (waste composition patterns), and technical infrastructure to assess the operational viability of each facility. Consequently, the methodology provides a replicable framework for pinpointing the root causes of inefficient CAS operations.



The practical significance of these findings is twofold: they enable estimating the effectiveness of CASs during systemic transition while providing a diagnostic framework for sustainable policy and planning. By identifying operational weaknesses in the resident waste transfer process and creating a blueprint for efficient management based on retrospective analysis, this study offers evidence-based strategies to enhance the long-term environmental and economic sustainability of predominantly rural waste management. The developed tools enable local authorities to gauge the demand for CAS services and optimise the operational design of individual facilities, ensuring infrastructure investments directly support overarching sustainability goals.




2. Materials and Methods


2.1. Study Area


Looking at the map shown in Figure 1, Białostocki county in Poland consists of 15 municipalities: 9 town-and-village and 6 village ones. A town-and-village municipality encompasses both town and village lands, serving urban and village populations. In contrast, a village municipality consists entirely of organised settlements/clusters without town status, focusing on agricultural lands and residential areas, with a population dispersed across small villages and no urban centres. In detail, the town-and-village municipalities comprise Czarna Białostocka, Zabłudów, Suraż, Tykocin, Łapy, Choroszcz, Michałowo, Supraśl, and Wasilków, while the village municipalities include Dobrzyniewo Duże, Juchnowiec Kościelny, Gródek, Turośń Kościelna, Poświętne, and Zawady. As marked on the map in Figure 1, all municipalities except one hosted a single CAS during the study period—a configuration remaining unchanged today. Supraśl municipality represents the sole exception, maintaining two such CASs within its jurisdiction.




2.2. Methods


2.2.1. Legislative Aspect


Each municipality in Poland is obligated to organise at least one CAS. The management of municipal CASs—whether conducted independently or jointly with other municipalities—is based on the Act of 13 September 1996 on maintaining cleanliness and order in municipalities (current version: [30,31]; 2014–2018 versions: [32,33,34,35]), while also incorporating the specific requirements from the Act of 14 December 2012 on waste (current version: [36,37]; 2014–2018 versions: [38,39,40]), such as keeping records according to the principles outlined in Art. 66 of the latter (which remained unchanged through 2014–2018 and remains identical in the current version). The quantitative and qualitative records of waste at the CASs follow the catalogue of waste specified in the Ordinance of the Minister of the Environment (current version: [41]; 2014–2018 versions: [42,43]), with the portfolio now held by the Minister of Climate and Environment, alongside the provisions from the Ordinance of the Minister of the Environment on the levels of recycling, preparation for reuse and recovery by other methods of certain fractions of municipal waste (current version: [44]; 2014–2018 versions: [45,46]). The collected waste is transported from CASs directly to authorised recovery or disposal facilities [30,31,32,33,34,35]. This process adheres strictly to the waste management hierarchy—as defined by the Act on waste—prioritising prevention, reuse, and recycling—through proper routing of waste streams [36,37,38,39,40]. As specialised infrastructure nodes, the CASs bridge service gaps by channelling specific streams to appropriate recovery/treatment pathways. They are not designated as interim storage sites or processing plants, except for limited pre-sorting [36,37,38,39,40].



The municipal council in each municipality adopts a local bylaw on maintaining cleanliness and order in the municipality [30,31,32,33,34,35]. This act of local law specifies detailed rules for municipal cleanliness and order, including those concerning the separate collection of municipal waste (in the scope of individual waste fractions) carried out by CASs, ensuring easy resident access [30,31,32,33,34,35].



The fully operating CASs over the course of 5 years, 2014–2018, in Białostocki county enabled the collection of the following waste fractions categorised by material composition and recyclability attributes [32,33,34,35]. These fractions—serving as operational (non-hierarchical) material descriptors within six-digit specific waste types (formal codes in the waste classification system) [42,43]—include the following: glass (including packaging waste), paper, paperboard and wastepaper (including packaging waste), plastics (including packaging waste), metals (including packaging waste), multi-material packaging, biodegradable waste (including kitchen and green bio-waste), excavated soil and stones (from gardens, parks, and cemeteries), oils and fats (other than edible), construction and demolition waste (wood, bricks, concrete, ceramic materials, etc.), textiles and clothing waste, worn-out furniture and other large-size waste, worn-out tyres, worn-out batteries and accumulators, waste electrical and electronic equipment (WEEE) (including freon-containing devices, fluorescent lamps and mercury-containing equipment), paints and coatings, chemicals, expired medicines, household medical-like waste (non-infectious needles, syringes and monitoring items), ash from fireplaces and furnaces.



The formal waste types are hierarchical categories (2-, 4- or 6-digit codes), while fractions are non-hierarchical material subcategories within 6-digit types [41,42,43].




2.2.2. CAS Assessment Approach


Our CAS assessment approach evolved through three distinct methodological steps.



First Step


As the first step in assessing the operational effectiveness of all CASs for household segregated waste in Białostocki county, we quantified the collected waste mass for each CAS (calculating both the annual and the 5-year totals, which form the basis for the analysis in Figure 2). This quantification used the verified waste codes (see the full list in Figure 3) compliant with national and European regulatory frameworks, including the Polish waste catalogue [42,43] and the European waste catalogue (EWC) (current version [47]; 2014–2018 versions: [48,49]). To extend this analysis, we also structured the same waste data in two complementary ways:




	
By municipality administrative type (town-and-village and village), offering a local-level view, where each municipality’s 5-year waste mass (2014–2018) was grouped by the waste code (data presented in Figure S1, Supplementary Materials). This grouping was designed to allow the identification of municipalities responsible for specific waste codes.



	
By waste code, offering a regional-level view, where each code’s 5-year waste mass (2014–2018) was aggregated across all municipalities (data presented in Figure S2, Supplementary Materials). This aggregation was designed to highlight the most prevalent waste codes by mass for the entire county.








This dual restructuring of the data was designed to facilitate the analysis of two distinct aspects:




	–

	
Geographical service efficiency variations across locations (municipality-level view), enabling the examination of resident disposal patterns driven by the CAS accessibility: travel distance, transport costs, and service availability constraints (operating hours, quantity limits, and service scope);




	–

	
Compositional material streams from resident-delivered waste within the CAS (waste code view), facilitating the assessment of recycling opportunities based on collected waste streams characteristics: category dominance, recoverable material ratios, and contaminant levels.









This integrated dual-perspective framework enables concurrent analysis of both spatial (geographical) and compositional waste trends within a unified methodology. The results of the core comparative analysis, which aggregated and directly contrasted 5-year waste code masses between municipality administrative types, are presented as a key result in Figure 4.



Crucially, the annual waste mass delivered to the CASs depended directly on the number of registered fee-liable units (i.e., household count served) in each municipality during the study period (2014–2018). This dependence arose from three systemic features:




	
Mandatory participation—All households were mandated to participate in the municipal waste system by using services for waste collected at source, financed through fixed annual fees determined under municipal resolutions, while delivering waste to the CASs remained free of charge [32,33,34,35];



	
Registry-based unit enumeration—All municipalities objectively quantified units using official public registries (e.g., property addresses, resident databases, tax records), regardless of property owners’ declarations, with inspections supplementing where needed;



	
Fixed-fee models—Annual fees were calculated based on the unit counts and occupant (resident) numbers, following municipality-specific statutory models established under resolutions of municipal councils concerning the method of determining waste management fees and setting fee rates. These included any of the following:













	–

	
A single-rate household fee (uniform charge per dwelling, regardless of occupant count).




	–

	
Household size tiers (categorisation into fixed-fee brackets by occupant-count ranges, e.g., small = 1–2 persons, medium = 3–5, large = ≥ 6).




	–

	
Per-occupant rates (fee = base rate per occupant multiplied by the number of occupants in a household). Consequently, all these fee models eliminated any economic incentives for waste reduction at source by decoupling charges from actual waste generation. This decoupling resulted in a proportional CAS delivery relative to registered units.









We therefore normalised the waste mass data for each CAS—treated as a subsystem of the municipal waste management system—using the registered fee-liable households. This calculation produced both the annual waste mass per household and the operational efficiency indicator (OEI for 5 years). These two normalised metrics enable standardised comparisons across the town-and-village and the village municipalities. (The visualisation and discussion of the comparative outcomes are provided in Figure 5). The 5-year OEI was defined as follows:


  O E I =    5 − y e a r   d i s r u p t i o n − c o r r e c t e d   a v e r a g e   w a s t e   m a s s   5 − y e a r   s i m p l e   a v e r a g e   h o u s e h o l d   c o u n t   s e r v e d     



(1)







This operational indicator measures CAS collection efficiency by calculating the average waste mass per household served over a 5-year period, adjusted for disruptions. It provides a basis for current and future analyses of CAS operational efficiency. A higher OEI corresponds to a greater share of generated waste per household, collected by the CAS, interpreted as higher waste collection efficiency, while a lower OEI value indicates lower collection efficiency.



Due to high interannual variability and non-operational periods, the waste mass numerator was calculated exclusively over operational years, excluding periods of pre-establishment, mobile substitution services, temporary closures, and zero-waste anomalies. The documentation of these CAS-specific anomalies is provided in Results. Conversely, the household count denominator was calculated as a simple 5-year arithmetic average, as interannual variations in household counts were less pronounced than those in waste mass. The core definitions used were as follows:


  D i s r u p t i o n − c o r r e c t e d   a v e r a g e =    S u m   o f   W a s t e   m a s s   d u r i n g   o p e r a t i o n a l   y e a r s ,   2014 − 2018   N u m b e r   o f   o p e r a t i o n a l   y e a r s     



(2)






  S i m p l e   a v e r a g e =    S u m   o f   H o u s e h o l d   c o u n t s   d u r i n g   a l l   y e a r s ,   2014 − 2018   N u m b e r   o f   a l l   y e a r s     



(3)







The disruption-corrected average better reflects typical operational waste mass for each municipality than the simple average, which would distort efficiency metrics by including non-operational periods:


  S i m p l e   a v e r a g e =    S u m   o f   W a s t e   m a s s   d u r i n g   a l l   y e a r s ,   2014 − 2018   N u m b e r   o f   a l l   y e a r s     



(4)







To establish the objective 5-year OEI thresholds (high and low efficiency) for identifying facilities requiring intervention (low) or serving as models (high), we analysed CASs separately for each municipality type (town-and-village vs. village). For each municipality type, we calculated:



The arithmetic average (μ) of CAS 5-year OEIs is as follows:


  μ =      ∑  i = 1  n   (  x i  )    n    



(5)




and the population standard deviation (σ) as


  σ =        ∑  i = 1  n     (  x i  − μ )  2     n      



(6)




where xi represents the OEI value for a municipality, and n denotes the number of municipalities of a given type.



The σ measures the typical variation in OEI within each municipality type. Assuming a normal distribution, the interval μ ± σ encompasses ≈ 68% of observations, enabling objective identification of extreme values. Consequently, the adopted thresholds were set as: low efficiency (values below < μ − σ; priority for optimisation, CAS requiring intervention), and high efficiency (values above > μ + σ; best-practice model, commendable CAS utilisation).




Second Step


As the second step in assessing the operational effectiveness of all CASs in Białostocki county, ten key technical indicators were developed to evaluate essential infrastructure elements and service frequency, specifically for large-sized waste collections. These indicators were formulated based on legal regulations [32,33,34,35,38,39,40,42,43,45,46,50] and verified factual criteria. The indicators—evaluated through a direct on-site stock-take—encompassed the following categories: management, comprising a weighing device (usually located at the entrance gate); operational control and security, including displayed regulations (defining the rules applicable in a given CAS), a security camera system (e.g., CCTV), and an entrance gate; core physical infrastructure, involving a fence, specialised waste containers and bins, and a designated aggregate-construction waste area; advanced processing, consisting of a crusher and a sorting line; and service level, defined by the frequency of large-size waste collections organised throughout the year.



A binary (0–1) scoring system was used for most indicators, each assigned equal weight. An exception was the frequency of large-sized waste collections, which followed a tiered scoring system: one annual collection was awarded 1 pt, while two or more were awarded 2 pts. The maximum possible score was 11 pts. Points for each CAS were summed to generate a final ranking, which is presented in Table 1.



Additionally, to provide further context for the operational assessment, the temporal accessibility (opening hours) of the CASs was also analysed.




Third Step


As the third step in assessing the operational effectiveness of all CASs for household segregated waste in Białostocki county, the collected waste types (identified by codes) were evaluated for their relevance to Poland’s national recycling/recovery targets for the 2014–2018 period under the regulation [46]. This regulation mandates two distinct annual recycling/recovery percentage rates for specific waste code groups:




	
Recycling and preparation for re-use of paper, metals, plastics, and glass (specific codes from Groups 15, 19, and 20);



	
Recycling, preparation for re-use, and other recovery operations for non-hazardous construction and demolition waste (specific codes from Groups 17 and 20).








While the national policy assesses compliance based on a municipality’s total annual waste quantity, this study introduces a novel analytical metric focused specifically on the subset collected at CASs: the 5-year average mandatory recycling/recovery percentage rate for the waste collected for that waste subset. This consolidated approach isolates the intrinsic recycling/recovery potential of the CAS subsystem itself, distinct from the outcomes of the broader municipal waste management system. Furthermore, the 5-year averaging period is introduced to counterbalance the impact of non-uniform CAS operations, such as pre-establishment stages, mobile substitutions, temporary closures, and zero-waste anomalies. Together, this focus and methodology enable a holistic assessment that transcends the limitations of annual verification. The 5-year average percentage rates were calculated from the regulation’s stipulated annual values, resulting in 19.6% for waste codes in this study recorded in Groups 15/20 and 43.0% for Group 17.



The mass distribution for each reported waste code was analysed per municipality and aggregated by municipality type (town-and-village and village). This analytical step generated the datasets that are compiled in Table 2 and Table 3 for subsequent evaluation. No minimum mass threshold was applied. For each municipality and municipality type, the theoretical minimum recycling mass was calculated. This mass represents the policy-derived target that would need to be achieved over the entire five-year period to align with the national recycling rates, had the policy been applied specifically to the CAS waste subset. The calculation was based on the following principle:


  ( 5 − y e a r   t a r g e t   r e c y c l i n g   m a s s ) = ( 5 − y e a r   t o t a l   c o l l e c t e d   m a s s )   ⋅   ( 5 − y e a r   a v e r a g e   p e r e c e n t a g e   r a t e )  



(7)







The respective 5-year average percentage rate was applied to the 5-year total mass of the relevant waste codes collected. This calculation produced the policy-aligned recycling target mass, which is later presented in Column A (per municipality) and Column B (per municipality type) of Table 2 and Table 3.





2.2.3. Data Source


The municipal-level waste mass (with waste codes) and household count data were sourced from the annual reports of municipal heads (mayors or town presidents) on the implementation of the municipal waste management tasks (2014–2018), prepared by Municipal Offices under statutory obligation (Art. 9q (1) of the Act [30,31,32,33,34,35]). Such reports are subsequently submitted to regional authorities: the Marshal’s Office of Podlaskie Voivodeship and the Voivodeship Inspectorate for Environmental Protection. The Art. 9q (1) remained unchanged through 2014–2018. It also remains identical in the current legal version. The data source for Table 1 was a stock-take conducted in each CAS. The CAS location datasets were sourced from the public administration websites and direct inquiries to the Municipal Offices, which supplied the geodetic coordinates (latitude/longitude) or location pins.



Data processing, analysis, and visualisation were performed using the following software: QGIS (version 3.40.2-Bratislava), Microsoft Excel (version 2016), and the Python programming language (version 3.13.2) with the following scientific libraries: NumPy (version 2.2.3), Pandas (version 2.2.3), and Matplotlib (version 3.10.1).






3. Results


Figure 2 presents two complementary datasets for each CAS facility across municipalities: the annual waste mass totals (2014–2018), revealing yearly distribution patterns, and the 5-year waste mass totals (summary values per CAS facility). Both were calculated using 35 distinct, verified waste codes (Figure 3), with one exception—Supraśl Municipality—where two CASs were aggregated into a single analytical unit.



Based on Figure 3, the grouping and counting of the waste codes are as follows: sub-chapter (sub-group) 20 01 contains 18 codes, 20 02 contains 2 codes, 20 03 contains 1 code, 15 01 contains 6 codes, 16 01 contains 1 code, 17 01 contains 3 codes, 17 02 contains 1 code, 17 04 contains 2 codes, and 17 09 contains 1 code, resulting in a total of 35 distinct codes.



Figure 4 details the waste mass quantities (presented in Figure 2) by the verified waste codes (Figure 3) across two municipality administrative types, highlighting the dominant waste codes.



The resulting 5-year cumulative waste mass, derived from Figure 2 and Figure 4, collected by CAS facilities was: 4361.78 Mg (1 Mg = 1 metric ton) in nine town-and-village municipalities and 2614.25 Mg in six village municipalities.



The waste composition patterns—reflected in mass distribution per individual waste code (Figure 4)—differed significantly between the town–village and village municipalities. This study documented 35 distinct waste codes across both types, with a markedly uneven distribution. The town-and-village municipalities dominated in the specific waste type 17 01 01 (2365.4 Mg vs. 377.1 Mg) and were the primary collectors for 16 01 03 (287.9 Mg vs. 58.6 Mg). Conversely, the village municipalities dominated in 17 09 04 (683.3 Mg vs. 250.0 Mg) and 17 01 07 (607.8 Mg vs. 195.0 Mg). The quantities were comparable for 20 03 07 (town-and-village: 615.2 Mg; village: 509.6 Mg) and 20 02 01 (town-and-village: 190.1 Mg; village: 190.5 Mg).



Notably, multiple waste types were exclusive to one municipality type. A waste code was classified as exclusive to one municipality type if its recorded mass was greater than zero in one type and exactly zero in the other. The following were found solely in the town-and-village municipalities (listed in descending order of mass): 17 01 02, 15 01 04, 17 04 05, 20 01 08, 15 01 10, 17 04 02, 20 01 34, and 20 01 33. Conversely, the following were only present in the village municipalities: 17 02 01, 20 01 01, 20 01 11, 20 01 21, 20 01 26, 20 01 27, and 20 01 40.



Additionally, multiple minimal-quantity waste types were present in one or both municipality types (e.g., 20 01 02, 20 01 10, 20 01 23, 20 01 28, 20 01 32, and 20 01 39). A minimum operational threshold was deliberately not specified to provide a complete inventory of all waste types. Consequently, the management approach for these minimal wastes differs fundamentally by hazardous status.



While non-hazardous waste in minimal quantities is typically excluded from infrastructure planning, its active monitoring is essential to identify emerging trends—such as rapid growth or high recycling/recovery potential—in alignment with mandated EU and national recycling targets. In contrast, hazardous waste in minimal quantities must be tracked rigorously regardless of mass due to its regulatory significance. Seven hazardous waste codes were documented: 20 01 35, 20 01 23, 15 01 10, and 20 01 33 (town-and-village); and 20 01 21, 20 01 26, and 20 01 27 (village).



Following standard legal and operational principles, management priority is typically assigned for non-hazardous waste types exceeding a minimum practical threshold, particularly those that are rapidly growing and/or possess high recycling or recovery potential. The Discussion section provides a detailed analysis of this potential, using our proposed distinctive and straightforward criteria for the years 2014–2018.



At individual CAS facilities, service scale (represented by household count served) drove both the annual and the 5-year waste mass (2014–2018; Figure 2), and the 5-year average waste mass. Furthermore, Figure 5 presents two complementary datasets for each CAS facility across municipalities: the annual waste mass per household served (2014–2018), revealing yearly distribution patterns, and the 5-year OEI values (summary efficiency metrics). Using these facility-level 5-year OEI values (Figure 5), operational efficiency was compared across two municipality types: the town-and-village and the village municipalities.



For the town-and-village municipalities, the calculated 5-year OEI values were as follows: 0.037, 0.007, 0.090, 0.007, 0.131, 0.019, 0.007, 0.048, and 0.005 Mg/household (Figure 5). The μ = 0.351/9 = 0.0390 Mg/household, the σ ≈ 0.0419 Mg/household, and the corresponding OEI thresholds were as follows:




	–

	
Low: μ − σ = 0.0390 − 0.0419 = −0.0029 ≈ 0.00 Mg/household (alarmingly low value);




	–

	
High: μ + σ = 0.0390 + 0.0419 = 0.0809 Mg/household (exemplary high value).









Thus, the interpretation of the CAS thresholds in the town-and-village municipalities is as seen below:




	–

	
Low efficiency (≤0.00 t/household): Values ≤ 0 are impossible—in practice, the low threshold implies values close to zero (e.g., ≤0.01 Mg/household). This indicates very poor CAS utilisation (residents do not deliver waste, and CAS requires intervention). Such facilities are prioritised for optimisation because of ineffective collection.









Examples: Municipalities with values of 0.007 (Zabłudów, Tykocin, Michałowo) and 0.005 (Wasilków), as evident in Figure 5, are based on the annual waste mass per household served collected at an individual CAS.



	–

	
High efficiency (≥0.0809 Mg/household): CAS is intensively used (residents actively deliver waste). Such facilities are identified as a best-practice model.







Examples: Municipalities have values of 0.090 (Suraż) and 0.131 (Łapy), as shown in Figure 5.



	–

	
Medium efficiency corresponds to municipalities with values of 0.037 (Czarna Białostocka), 0.019 (Choroszcz), and 0.048 (Supraśl), as in Figure 5.







For the village municipalities, the calculated 5-year OEI values were as follows: 0.029, 0.051, 0.041, 0.059, 0.001, 0.052 Mg/household (Figure 5). The μ = 0.233/6 = 0.0388 Mg/household, the σ ≈ 0.0194 Mg/household, and the corresponding OEI thresholds were as follows:




	–

	
Low: μ − σ = 0.0388 − 0.0194 = 0.0198 Mg/household;




	–

	
High: μ + σ = 0.0388 + 0.0194 = 0.0582 Mg/household.









Thus, the interpretation of the CAS thresholds in the village municipalities is as seen below:




	–

	
Low efficiency (≤0.0198 Mg/household): Values ≤ 0.0198 indicate very poor CAS utilisation (suggesting both inadequate waste delivery to CAS and mandatory CAS intervention).









Examples: The municipality with a value of 0.001 (Poświętne), as evident in Figure 5, is based on the annual waste mass per household served, collected at an individual CAS.



	–

	
High efficiency (≥0.0582 Mg/household): CAS has exemplary efficiency (which indicates active resident participation).







Examples: The municipality has a value of 0.059 (Turośń Kościelna), as shown in Figure 5.



	–

	
Medium efficiency corresponds to municipalities with values of 0.029 (Dobrzyniewo Duże), 0.051 (Juchnowiec Kościelny), 0.041 (Gródek), and 0.052 (Zawady), as in Figure 5.







To ensure full integration with the above results, the following anomalies and temporal accessibility schedules across municipalities were documented. CAS anomalies are as follows: Czarna Białostocka—CAS temporarily closed in 2015 (renovation); Suraż—CAS temporarily closed in 2017 (renovation); Tykocin—no CAS in 2014, with one stationary CAS operational from 2015; Michałowo—CAS operational in 2014 but zero waste collected; Supraśl—no CAS during 2014–2015 (mobile substitution services), with two stationary CASs operational from 2016; Poświętne—no CAS during 2014–2015 (mobile substitution services), with one stationary CAS operational from 2016; and Zawady—no CAS during 2014–2016, with one stationary CAS operational from 2017. Household count served anomalies are as follows: Zawady—no data for 2016. Temporal accessibility schedules (days and opening hours to residents, excl. statutory non-working days) are as follows: Czarna Białostocka (3 days/week: Mon 10–18, Wed and Sat 8–16); Zabłudów (2 days/week: Tue and Sat 10–16); Suraż (1 day/week: Wed 9–17, low-population justified); Tykocin (1 day/week: Tue 8–15 + 1st Sat/month 8–15); Łapy (5 days/week: Tue-Sat 7–15); Choroszcz (1 day/week: Sat 8–12); Michałowo (5 days/week: Mon-Fri 8–16); Supraśl (two sites, both 1 day/week: Sat 8–14); Wasilków (5 days/week: Mon-Fri 7–16 + Sat 7–14); Dobrzyniewo Duże (1 days/week: Sat 8–14); Juchnowiec Kościelny (5 days/week: Mon, Wed-Fri 8–16, Sat 7–14.30); Gródek (2 days/week: Tue 7–15, Thu 9–17); Turośń Kościelna (1 day/week: Sat 7–13); Poświętne (1 day/week: Thu 6–14 + 1st Sat/month 8–10); and Zawady (≥1 week/month: Mon-Fri 7:30–15:30).



The assessment of operational infrastructure across all county CASs, conducted via a direct stock-take of ten key technical infrastructure indicators, revealed significant disparities in both equipment and service levels, resulting in a clear ranking (Table 1). Choroszcz achieved the highest score (first place, 8/11 pts), while Wasilków ranked the lowest (fifth place, 4/11 pts). A significant majority of CASs (13 of the 16 physical sites) scored in the mid-range (6–7 pts), indicating a common basic operational capacity but also a consistent gap to full infrastructural adequacy (maximum score).



A comparative analysis of basic infrastructural gaps in the mid-score range (excluding the universally absent crusher (h) and sorting line (i)) revealed key differences between municipality administrative types. Among the town-and-village CASs, the most frequently missing element was the weighing device (e), absent in five CASs (all except Supraśl). The displayed regulations (a) were also missing in four CASs (Supraśl, Czarna Białostocka, and Tykocin). A key positive finding was the consistent presence of core physical infrastructure (c, d, f, g) and service level compliance (j), with Michałowo as the sole exception due to its lack of an aggregate-construction waste area (g). Crucially, these CASs were limited primarily by the absence of a management element (e), and secondarily by missing operational control elements, notably regulations (a) and, in Suraż, a security camera system (b).



Among the village CASs, the weighing device (e) was also the most common gap, absent in all five CASs. The CASs achieving a total of 7 pts lacked only this management element (e), possessing all other operational control, core physical infrastructure, and service level elements (a–d, f, g, j). Those scoring 6 pts had further deficiencies: both Poświętne and Turośń Kościelna lacked (e), with Turośń Kościelna also lacking (a) and Poświętne lacking (b). Crucially, all village CASs maintained a full set of core physical infrastructure (c, d, f, g) and service level compliance (j).




4. Discussion


The complementary structuring of the same waste data, presented in the Supplementary Materials, reveals a clear path for waste management policy of CASs. The overview from Figure S2 is essential for strategic prioritisation at the regional (county) level, identifying which waste codes have the largest mass and thus the greatest potential impact for recycling or recovery initiatives. Subsequently, the detailed view in Figure S1 enables targeted action at the local (municipality) level by pinpointing the specific municipalities that are the primary sources of these strategic waste streams. This facilitates differentiated policies at the municipal level, such as organising tailored collection systems or conducting focused inspections in the municipalities that contribute most significantly to the county’s overall waste challenge.



4.1. Forecasting Waste Recycling/Recovery Potential at CASs Under National Policy: An Analysis of Socio-Economic Drivers in Białostocki County


The distinct waste code patterns observed between the town-and-village and the village municipalities at the CASs in Białostocki county (Figure 4) necessitate tailored infrastructure strategies. This becomes evident when evaluating the CAS-collected waste against Poland’s overarching recycling policy benchmarks [46]. Although the policy provides a comprehensive framework for a municipality’s total waste, our analysis applies its metrics specifically to the subset collected by CASs. This focused approach allows for the isolation of the recycling/recovery potential inherent to the CAS subsystem from the overall outcome of the entire municipality’s integrated system.



Our analysis of the 35 documented waste codes is structured around the policy’s two primary categories for mandatory, maximum recycling and recovery targets (2014–2018). First, waste codes that count toward the recycling and preparation for re-use target (14% in 2014, rising to 30% in 2018) include ten codes identified in our results (15 01 01, 15 01 02, 15 01 04, 15 01 06, 15 01 07, 20 01 01, 20 01 02, 20 01 39, 20 01 40, and 20 01 99). Under Section 3(1) of that regulation [46], these codes are applied to calculate the mandatory rate for paper, metals, plastics, and glass. The regulation stipulates that for code 15 01 06, only components consisting of paper, metal, plastic, glass, and multi-material packaging are eligible, while for code 20 01 99, only paper, metal, plastic, and glass components are accounted for. For example (Figure 4), the prevalence of codes (in descending mass order) 15 01 04, 15 01 01, 15 01 07, 15 01 02, and 15 01 06, and a small share of code 20 01 02 in the town-and-village municipalities, is directly relevant for this target, as these codes represent readily recyclable materials from more concentrated sources. Conversely, the prevalence of codes 20 01 99, 20 01 39, 20 01 01 and 20 01 40 in the village municipalities also contributes significantly to the target. However, achieving it is more complex. Despite being segregated, their commingle composition (diverse in content) and often low-value material composition necessitate reliance on energy recovery rather than high-value recycling for a substantial portion of the material.



Second, waste codes that count toward the recycling, preparation for re-use, and other recovery target (38% in 2014, rising to 50% in 2018) comprise seven codes identified in our results (17 01 01, 17 01 02, 17 01 07, 17 02 01, 17 04 02, 17 04 05, and 17 09 04). These codes are applied under Section 3(3) of that regulation [46] for calculating the mandatory rate for non-hazardous construction and demolition waste. For example (Figure 4), the dominance of code 17 01 01 in the town-and-village municipalities is highly conducive to achieving this target. However, the dominance of codes 17 09 04 and 17 01 07 in the village municipalities, while equally important from a regulatory standpoint, nonetheless complicates target achievement, as it necessitates reliance on energy recovery rather than high-value recycling.



The remaining 18 codes (e.g., other codes of the type 20 01 XX—where ‘XX’ denotes variable digits specifying the waste type within the 20 01 subgroup—along with 15 01 10, 16 01 03; details can be found in Figure 4) fall outside these mandatory mass-based targets. They were not a primary focus of the national 2014–2018 targets, so their management follows other waste hierarchy principles and depends on local infrastructure capabilities, though they may still hold inherent recycling value.



While non-hazardous waste in minimal quantities is typically excluded from infrastructure planning, it requires active monitoring to identify emerging trends, such as rapid growth (a significant year-over-year (YoY) increase) or the presence of strategic materials. This includes high recycling value materials (e.g., paper/paperboard, metals, plastics, and glass) subject to the 2014–2018 recycling and preparation for re-use mandate, as well as moderately valuable recycling materials (e.g., non-hazardous construction and demolition waste), subject to the parallel recovery mandate.



The analysis per individual municipality and municipality type, quantified in Table 2 and Table 3, provides concrete evidence of this compositional divide and its impact on recycling/recovery potential. The total five-year mass of waste codes subject to the mandatory targets (Groups 15/20 and 17) collected at CASs in the town-and-village municipalities was more than double that of the village municipalities (~3113 Mg vs. ~1748 Mg). Furthermore, the theoretical recycling mass—calculated by applying the average percentage rates (19.6% and 43%) to the total five-year mass—highlights the scale of the disparity (contrast): town-and-village CASs would need to process ~1299 Mg to meet targets, compared to ~733 Mg for village CASs.



This order-of-magnitude difference underscores the critical role of town-and-village municipalities in achieving regional targets but also reveals the fundamental complexity of the waste composition in village municipalities, where a higher proportion of the mass comprises challenging, commingled materials. This quantitative disparity is a direct result of profound qualitative, socio-economic differences in waste composition, as detailed in the code-specific analysis (Figure 4, Table 2 and Table 3).



This compositional divergence dictates recycling/recovery potential. The town-and-village municipalities, acting as commercial-service hubs, collected larger quantities for most codes in Group 15 (packaging waste) at CASs, sourced from supermarkets, shops, and restaurants, resulting in homogeneous packaging waste loads highly suitable for recycling. This effect is amplified by higher population density, which intensifies consumption and increases packaging waste generation per square kilometre. Conversely, the village municipalities, characterised by agricultural self-sufficiency, deposited more waste from specific Group 20 codes (separately collected, non-packaging waste of a commingled composition). These heterogeneous loads originate from repair work, agriculture, and bulky item disposal. For example, code 20 01 99 acts as a catch-all for difficult-to-sort items like complex commingled waste, bulky items, textiles, soiled plastics and pieces of furniture. Furthermore, codes 20 01 40 (metals) and 20 01 39 (plastics)—comprising various types and grades—often originate from equipment repair and agricultural operations, such as broken tools, wire, fencing, machinery parts, and agricultural plastics (e.g., silage wrap, tunnel sheeting, and fertiliser bags). This results in a commingled waste that presents major sorting challenges. This composition pattern is also mirrored in Group 17 (construction and demolition waste), where the town-and-village municipalities predominantly generate clean, homogeneous loads (e.g., 17 01 01) from large-scale projects, contrasting with the mixed, heterogeneous loads (e.g., 17 09 04) from small-scale agricultural and renovation activities in the village municipalities.



This disparity stems from their fundamental socio-economic differences: the commercial-service character of town-and-village municipalities yields homogeneous, high-recycling-value waste, whereas the agricultural-self-sufficiency of village municipalities results in heterogeneous, challenging-to-recycle waste. The homogeneity of waste significantly facilitates recycling into high-quality secondary outputs with minimal processing, directly supporting mandated recovery targets. Conversely, the complex, commingled composition of the waste from village municipalities presents considerable challenges, necessitating advanced, cost-intensive sorting and pre-processing before recovery.



These distinct waste patterns dictate the need for tailored operational strategies and infrastructure priorities at the CASs in each municipality type. Consequently, our findings argue for moving beyond a ‘one-size-fits-all’ model. For the town-and-village municipalities, policy should leverage high-quality, homogeneous loads (Groups 15 and 17) through investments in efficient processing capacity. For the village municipalities, investments must target advanced sorting capabilities to manage complex, heterogeneous loads (Groups 20 and mixed 17). This diagnostic approach provides a predictive framework for tailoring CAS operations to local socio-economic realities. By aligning infrastructure with the specific waste composition driven by these socio-economic drivers, CASs can more effectively support national recycling targets. The identified relationships between socio-economic profiles and waste composition patterns allow for forecasting recycling/recovery potential in other municipalities with similar CAS characteristics, making this a transferable model for regional policy planning.




4.2. Structurally Differentiated CAS Model Aligned with Municipality Type for Białystok County


The OEI provided a clear measure of waste collection efficiency per household served at individual CAS facilities across both town-and-village and village municipalities (Figure 5). The poorly operating CAS facilities in Wasilków, Zabłudów, Tykocin, and Michałowo (town-and-village), alongside Poświętne (village), required optimisation to achieve the high-efficiency benchmarks set by Łapy and Turośń Kościelna, respectively. The solutions implemented during the 2014–2018 period should have been based on three optimisation pillars: adjusting opening days/hours, eliminating anomalies, and deploying targeted education in these five municipalities. Łapy demonstrated that a 5-day CAS operation maximised efficiency for the town-and-village municipalities, whereas a maximum 2-day operation ensured cost-effectiveness (rationalising CAS operating costs) for the village municipalities. Education initiatives should have directly targeted municipality-specific systemic issues—such as poor temporal access, geographic coverage gaps, low resident awareness of CAS locations/functions, high CAS maintenance costs, opaque application processes, and either cumbersome paperwork requirements or resistance to digitisation—all of which frustrate residents and reduce CAS utilisation. Critically, these initiatives should have been tailored to each municipality’s size. Wasilków, exhibiting temporal overcapacity, should have optimised operations by reducing Saturday hours to 8–12. Zabłudów and Tykocin, showing low and critical temporal access, respectively, should have progressively expanded to 3 days before reaching 5 days. Michałowo should have maintained existing access levels, while Poświętne should have increased service from critical access (4h/week) to a functional minimum of 2 days (one weekday + Saturday). Crucially, most municipalities should have improved low resident CAS awareness through universal methods: consultation points, targeted leaflets, and SMS reminders. Implementing real-time reporting would have prevented anomalies such as Michałowo’s 2014 zero-waste incident. Complementarily, preventing service disruptions during CAS renovations (as observed in Czarna Białostocka and Suraż) required systemic measures, such as establishing temporary replacement facilities. In Tykocin’s case of temporal access deficit, adaptive infrastructure deployment was essential, and mobile CAS services should have been deployed as transitional infrastructure during the implementation of a 5-day operation to resolve historical service interruptions. In Zabłudów, a temporary mobile CAS should have been implemented to support systemic reorganisation and maintain service continuity during access expansion. Moreover, it can only be theoretically postulated that inadequate organisation of standardised on-site waste handover procedures at CAS receptions may have contributed to reluctance in utilising these services. Potential inconsistencies in service delivery—such as unpredictable waiting times, unclear sorting requirements, or inconsistent staff assistance—could deter compliance. This hypothesis regarding operational gaps in the human interface dimension remains unverified but warrants examination through structured resident surveys.



Summarising, the optimal solution proposed for Białystok county is a structurally differentiated CAS model aligned with municipality type, operating on a fixed weekly schedule with mandatory Saturday coverage, with service days allocated as follows: 5 days (including Saturday) for town-and-village municipalities, and 2 days (including Saturday) for village municipalities—enhanced through more frequent OEI reporting and locally tailored resident education. Its efficiency and cost effectiveness (verified by OEI) derive from adaptive flexibility, replacing rigid uniformity with strategic calibration to local needs and capacities.




4.3. Disparities in Technical Infrastructure Scores and the Mid-Range CAS Cluster in Białystok County


The ranking presented in Table 1 reveals a clear hierarchy of operational capability among the CASs, characterised primarily by a cluster of mid-range scores (6–7 pts) and a universal lack of advanced processing equipment (crushers and sorting lines), which limits potential revenue generation and improved recycling rates across the county. The widespread absence of the key management element—the weighing device (e)—is a critical operational failure, as it prevents the accurate measurement of inbound waste, the most basic metric for managing and improving any waste transfer operation. This absence was the primary constraint that prevented most CASs from scoring higher.



The analysis reveals two key distinctions: Firstly, the pattern of missing elements shows that while both groups shared a common lack of the management element (e) and operational control elements (a, b), the town-and-village CASs were distinguished by an isolated critical deficiency in their otherwise complete core physical infrastructure (c, d, f, g). This was exemplified by the absence of an aggregate-construction waste area (g) in Michałowo, a significant exception that qualified the group’s overall consistency. Secondly, the score distribution shows that the most striking distinction was the extreme disparity in scores within the town-and-village CASs, which contained both the county’s top performer (Choroszcz, 8 pts) and its most struggling facility (Wasilków, 4 pts). This contrasts sharply with the village CASs, which demonstrated a homogeneous score distribution clustered in a narrower band (5–7 pts) and no deficiencies in core physical infrastructure.



Ultimately, the CAS operational framework (2014–2018) succeeded in establishing basic standards but failed to progress towards efficiency and value-added operations. While the town-and-village group demonstrated relative consistency, it was not immune to critical gaps in core infrastructure, as exemplified by Michałowo. This group embodies a paradox of excellence and profound struggle, necessitating targeted investments to address advanced elements for mid-range facilities and fundamental operational control elements for its lowest performers. The village group, though more consistent, still requires investment to bridge gaps in management elements such as weighing devices. Therefore, the core difference lies not only in the type of deficiencies, but also in the wide disparity between the highest and lowest scores and the unexpected presence of a core infrastructure gap within the town-and-village group.




4.4. Verification of Forecasts, Contemporary Relevance, and Future Implications


The analysis presented in this study, based on data from 2014 to 2018, provides a detailed diagnostic framework and forward-looking projections for optimising CAS operations in Białostocki county. Given the natural evolution of waste management systems and policies over time, it is pertinent to consider the contemporary relevance of these findings, to verify the projections made, and to examine the system’s trajectory in the years since the study period.



4.4.1. Verification of Projections and Model Validation


A critical phase following any prognostic study is the empirical validation of its forecasts against subsequent reality. Our projections were built on identifying persistent systemic drivers: the entrenched socio-economic profiles of municipalities (commercial service versus agricultural self-sufficiency), as well as their tangible manifestations in divergent waste infrastructure, institutional models, and resulting waste stream composition. While the model’s qualitative validity is demonstrated by its robust diagnostic and prescriptive utility (as operationalised in the policy recommendations in Section 4.2 and Section 4.5), its quantitative validation through direct comparison with post-2018 outcomes represents the logical next step.



Such longitudinal validation is inherently an applied process, integrated into the operational cycle of the waste management system itself. The detailed municipality-level data that are required are generated by the same infrastructural components (e.g., calibrated weighing devices, digital mass-flow tracking) whose critical deficiencies have already been diagnosed. Consequently, the possibility for precise, empirical verification depends on the implementation of the improvements that this analysis advocates. This creates a cyclical relationship whereby the study’s recommendations enable the future assessment of its own forecasts.



Inference on the current trajectory (2024–2025): In the absence of comprehensive, updated municipal datasets for a formal quantitative test, the system’s likely trajectory can be inferred based on stable drivers and external pressures. The sustained regulatory impetus from the EU Circular Economy Action Plan (CEAP) [51,52] and the European Green Deal (EGD) [53], combined with the inherent stability of the core socio-economic drivers documented herein, strongly suggests that the structural challenges and inefficiencies we identified remain highly pertinent. Consistent with our diagnosis, broader national and regional reports continue to highlight infrastructural gaps in sorting and data collection as primary bottlenecks to meeting recycling targets. This indicates that progress, if achieved, is likely incremental and heterogeneous, aligning with our projection of a trajectory constrained by systemic, context-sensitive barriers.



Therefore, this study provides both the necessary baseline and the practical means for future validation. The methodological toolkit developed herein—the OEI, infrastructure scoring, and compositional waste analysis—constitutes a definitive instrument for measuring change. The explicit ‘next step’ is the repeated application of this toolkit by municipal authorities using the most recent operational data. This would enable a formal assessment of the following:




	–

	
The evolution of efficiency gaps between different municipal types;




	–

	
Progress in remedying the critical infrastructure deficits identified;




	–

	
Shifts in waste composition in response to evolving socio-economic conditions and policy measures.









Thus, the present analysis establishes the diagnostic benchmark, delivers the analytical metrics, and provides a complete blueprint for ongoing performance tracking and forecast validation. It frames the verification of projections not as a limitation but as an essential, applied continuation of the research, bridging academic modelling with the practical needs of system management and policy adjustment.




4.4.2. Assessing the Current Trajectory and Broader Context


Based on regulatory evolution and the persistence of structural drivers, we can assess the system’s likely trajectory and its alignment with broader sustainability goals. First, in the context of intensified EU regulation, Poland’s implementation of the EU CEAP and the EGD has significantly elevated recycling and sustainability targets since 2018. This heightened regulatory pressure amplifies the relevance of our findings. Specifically, it demonstrates that the infrastructure and operational gaps we identified (e.g., the absence of weighing devices and sorting lines) represent critical bottlenecks not just for compliance, but for achieving these more ambitious national and EU goals. Consequently, our case study offers a detailed, evidence-based example of the on-the-ground challenges that must be overcome to meet overarching directives such as the Waste Framework Directive and the CEAP itself. Second, regarding the persistence of structural drivers, the fundamental socio-economic profiles that drive waste composition divergence remain largely unchanged. Therefore, the core argument for a differentiated, context-sensitive policy approach—a key practical lesson for policymakers—is more pertinent than ever. A ‘one-size-fits-all’ mandate is ill-suited to address the inherent disparities we documented. This lesson extends beyond this county to other regions with similar rural-urban mixes, highlighting the broader applicability of our findings. Third, with respect to the impact of external shocks, it is important to acknowledge that recent global events, particularly the COVID-19 pandemic, may have introduced temporary disruptions to waste generation patterns and collection systems. While such events can cause short-term fluctuations, they do not alter the underlying structural drivers identified in this study. Our analysis provides the essential pre-pandemic baseline required to isolate and evaluate the effects of such shocks in future research, further underscoring the value of our longitudinal framework. Fourthly, regarding the pathway for assessment and improvement, defining ‘improvement’ requires clear metrics. If measured against the structural inefficiencies we diagnosed, progress is likely incremental and uneven. The methodological toolkit developed herein provides municipal authorities with precisely the metrics needed for ongoing self-assessment and priority-setting. Applying this toolkit to the most recent data is the definitive next step for measuring progress, a task for which our study provides the complete blueprint.




4.4.3. The Value of This Baseline and Its Practical Applications


Rather than diminishing its relevance, the time elapsed since 2018 underscores the critical importance of this baseline analysis. Our study provides three key contributions. First, it establishes a diagnostic benchmark against which future changes in CAS efficiency and waste composition can be measured. Second, it offers a transferable methodological toolkit—integrating the OEI, infrastructure scoring, and waste compositional analysis—enabling continuous efficiency evaluation at municipal and regional levels. Third, it delivers practical, evidence-based arguments to support tailored infrastructure investments and community engagement strategies, directly addressing the operational needs of municipal authorities and the strategic objectives of policymakers.



To conclude, this analysis provides the essential basis for understanding and improving waste management in predominantly rural regions. The intensified regulatory landscape confirms that the challenges we identified remain pressing. The optimised, differentiated CAS model we propose offers a practical, scalable pathway forward that aligns with contemporary EU sustainability ambitions. By providing a concrete diagnostic framework, actionable recommendations, and a clear progress-tracking methodology, this study offers a concrete basis for advancing the circular economy in similar socio-economic contexts.





4.5. Policy Implications and Practical Applications


The findings from Białostocki county yield several critical lessons for waste management policy and practice in the Polish context. For central institutions, our study demonstrates that achieving national recycling targets requires moving beyond uniform, ‘one-size-fits-all’ approaches towards differentiated policy instruments that recognise the distinct challenges of town-and-village versus village municipalities.



For municipal authorities, the OEIs and infrastructure scoring system developed in this study provide a practical diagnostic toolkit for prioritising investments and optimising service delivery. Specifically, authorities in town-and-village municipalities should focus on leveraging their homogeneous, high-quality waste streams through investments in efficient processing capacity for packaging materials. Conversely, village municipalities require targeted support for advanced sorting capabilities to manage their complex, heterogeneous waste streams, potentially through regional partnerships. Furthermore, the widespread absence of weighing devices represents a critical data gap that undermines effective management; addressing this should be an immediate priority for all municipalities.



At the community level, our findings underscore that resident education must be tailored to local contexts. In village municipalities, education should focus on basic separation techniques, while in town-and-village municipalities, initiatives can shift focus to promoting high-quality recycling of specific material streams.



This case study demonstrates that contextual intelligence—understanding and responding to local socio-economic realities—is as crucial as technological solutions for achieving sustainable waste management in Poland. The optimised CAS model provides a ready-to-implement framework for other predominantly rural regions in the country, demonstrating how evidence-based, differentiated approaches can effectively meet national environmental goals across diverse local contexts.





5. Conclusions


The study results indicate that optimising the CAS network in Białostocki county during a period of frequent legislative changes was the primary challenge for decision-makers (mayors and municipal councils), who were responsible for strategy formulation, fund allocation, technology selection, and regulatory enforcement within the waste management system.



The effectiveness of Poland’s recycling policy is inherently linked to local municipal contexts. This study demonstrates that the ‘one-size-fits-all’ approach is insufficient. Achieving national targets requires infrastructure investments that are precisely tailored to the specific waste patterns driven by socio-economic profiles of different municipality types: leveraging the high-quality, homogeneous packaging waste from the commercial-service character of town-and-village areas and addressing the complex, heterogeneous waste from the agricultural-self-sufficiency of village areas through advanced sorting and recovery technologies. The role of CASs is pivotal, and their operation must be optimised accordingly using the differentiated model (5-day vs. 2-day operations) validated by the operational efficiency indicator (OEI) to transform this fundamental socio-economic divergence from a challenge into an opportunity for the entire waste management system.



These findings carry significant practical relevance for developing more effective waste management strategies. The optimal CAS solution—integrating municipality-tailored operations (5/2-day scheduling for town-and-village/village municipalities, respectively), continuous monitoring via the OEI, and localised education—provides a replicable framework for other predominantly rural regions. This approach delivers efficiency (confirmed by OEI reporting) through adaptive flexibility, replacing rigid uniformity with needs-based differentiation. Furthermore, the evidence-based ranking of CAS infrastructure—which revealed critical gaps, most notably the widespread absence of weighing devices—offers municipal authorities a clear diagnostic tool for prioritising investments and improving service delivery.



For community engagement and public policy, the study underscores that successful waste management requires contextual intelligence. The documented socio-economic drivers of waste divergence between municipality types highlight the need for tailored education programmes and policy frameworks. Rather than applying uniform regulations, policymakers should develop differentiated instruments that recognise the distinct challenges and opportunities in town-and-village versus village contexts.



The evidence-based ranking of CAS by the operational infrastructure elements confirmed significant disparities in equipment and service levels, with total scores ranging from 4 to 8 out of a maximum of 11 pts. This indicates that while the infrastructure at many CASs was sufficient for basic collection, it lacks the advanced equipment required to optimise their role as efficient and controlled transfer facilities within the broader municipal system. In particular, the absence of a weighing device (e) to quantify incoming waste, a sorting line (i) to segregate materials, and a crusher (h) to reduce volume creates bottlenecks in waste handling and represents a critical missed opportunity to increase value through pre-processing (e.g., sorting or compaction) before waste is sent to final processing facilities. Therefore, strategic investments should focus on technologies that optimise the collection and transfer process, such as weighing devices for data collection and basic sorting lines to reduce contamination before waste is forwarded for final processing.



For future research, several promising directions emerge. Extending the temporal analysis to include post-2018 data would reveal how CAS operations have evolved under Poland’s implementation of the Circular Economy Action Plan. Applying the developed assessment methodology to other regions would test its transferability and identify additional contextual factors affecting CAS performance. Furthermore, investigating the role of digital technologies in enhancing CAS operational efficiency and exploring more sophisticated community engagement models would provide valuable insights for advancing sustainable waste management practices.



Ultimately, this study demonstrates that enhancing the sustainability of predominantly rural waste management requires adopting differentiated, evidence-based approaches that align infrastructure and operations with local socio-economic contexts. By moving beyond uniform mandates to strategies that leverage the distinct characteristics of different municipality types, decision-makers can transform socio-economic divergence from a systemic obstacle into a cornerstone of efficient and sustainable waste management, thereby contributing significantly to both national recycling targets and broader environmental sustainability goals.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/su18010231/s1, Figure S1: Municipality-specific waste composition at CASs in Białostocki county (2014–2018). Individual charts display the five-year mass (Mg) of waste by code for each municipality, grouped by type; (a): Town-and-village municipalities, (b): Village municipalities. Each chart is titled with its respective municipality name; Figure S2: Five-year mass (Mg) distribution of individual waste codes across municipalities in Białostocki county (2014–2018). Each chart presents data for a single verified waste code, showing its total collected mass in each of the fifteen municipalities. Municipalities are organised by type: the nine town-and-village municipalities are followed by the six village municipalities, enabling a direct comparison of each code’s prevalence between the two administrative contexts.





Author Contributions


Conceptualization, M.R. and A.B. (Aurelia Blazejczyk); methodology, M.R., A.B. (Aurelia Blazejczyk), Ł.W., and D.K.; software, Ł.W.; validation, A.B. (Aurelia Blazejczyk), Ł.W. and D.K.; formal analysis, A.B. (Aurelia Blazejczyk), Ł.W., and D.K.; investigation, A.B. (Aurelia Blazejczyk); resources, A.B. (Aurelia Blazejczyk), Ł.W., D.K., A.B. (Agnieszka Bęś), Ł.S., W.T., and A.S.; data curation, A.B. (Aurelia Blazejczyk), Ł.W. and D.K.; writing—original draft preparation, A.B. (Aurelia Blazejczyk) and A.K. (partially); writing—review and editing, A.B. (Aurelia Blazejczyk), Ł.W., D.K., A.B. (Agnieszka Bęś), Ł.S., W.T., and A.S.; visualisation, A.B. (Aurelia Blazejczyk), Ł.W., and D.K.; supervision, M.R. and A.B. (Aurelia Blazejczyk); project administration, M.R. and A.B. (Agnieszka Bęś); funding acquisition, A.B. (Agnieszka Bęś), Ł.S., W.T., and A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in this study are included in the article and Supplementary Materials. Further inquiries can be directed to the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Bauer, F.; Nielsen, T.D.; Nilsson, L.J.; Palm, E.; Ericsson, K.; Fråne, A.; Cullen, J. Plastics and climate change—Breaking carbon lock-ins through three mitigation pathways. One Earth 2022, 5, 361–376. [Google Scholar] [CrossRef]

	



Hampton, S.; Whitmarsh, L. Choices for climate action: A review of the multiple roles individuals play. One Earth 2023, 6, 1157–1172. [Google Scholar] [CrossRef]

	



Schaeffer, R.; Schipper, E.L.; Ospina, D.; Mirazo, P.; Alencar, A.; Anvari, M.; Artaxo, P.; Biresselioglu, M.E.; Blome, T.; Boeckmann, M.; et al. Ten new insights in climate science 2024. One Earth 2025, 8, 101285. [Google Scholar] [CrossRef]

	



European Environment Agency. Waste Recycling in Europe. Available online: https://www.eea.europa.eu/en/analysis/indicators/waste-recycling-in-europe (accessed on 25 June 2025).

	



World Bank. Available online: https://datatopics.worldbank.org/what-a-waste/trends_in_solid_waste_management.html#:~:text=The%20world%20generates%202.01%20billion%20tonnes%20of%20municipal,but%20ranges%20widely%2C%20from%200.11%20to%204.54%20kilograms (accessed on 25 June 2025).

	



Ritchie, H. Waste Management. Our World in Data. 2023. Available online: https://ourworldindata.org/waste-management (accessed on 25 June 2025).

	



OECD. Global Plastics Outlook: Policy Scenarios to 2060; OECD Publishing: Paris, France, 2022. [Google Scholar] [CrossRef]

	



Du, L.; Zuo, J.; Vanzo, J.; Chang, R.; Zillante, G. Assessing and predicting the illegal dumping risks in relation to road characteristics. Waste Manag. 2023, 169, 332–341. [Google Scholar] [CrossRef]

	



Ferdous, W.; Manalo, A.; Siddique, R.; Mendis, P.; Zhuge, Y.; Wong, H.S.; Lokuge, W.; Aravinthan, T.; Schubel, P. Recycling of landfill wastes (tyres, plastics and glass) in construction—A review on global waste generation, performance, application and future opportunities. Resour. Conserv. Recycl. 2021, 173, 105745. [Google Scholar] [CrossRef]

	



Chertow, M.; Childress, L. Improving the US municipal waste system: Toward a circular future. One Earth 2022, 5, 1185–1188. [Google Scholar] [CrossRef]

	



Kirchherr, J.; Yang, N.-H.N.; Schulze-Spüntrup, F.; Heerink, M.J.; Hartley, K. Conceptualizing the Circular Economy (Revisited): An Analysis of 221 Definitions. Resour. Conserv. Recycl. 2023, 194, 107001. [Google Scholar] [CrossRef]

	



Du, Y.; Zhou, Y.; Jia, D.; Li, X. The end-of-life power battery recycling & remanufacturing center location-adjustment problem considering battery capacity and quantity uncertainty. J. Environ. Manag. 2024, 357, 120774. [Google Scholar] [CrossRef]

	



Smith, R.L.; Behdad, S. From present to future: A review of e-waste recycling processes. Waste Manag. 2025, 204, 114863. [Google Scholar] [CrossRef]

	



Rahimi, A.; García, J. Chemical recycling of waste plastics for new materials production. Nat. Rev. Chem. 2017, 1, 0046. [Google Scholar] [CrossRef]

	



Lase, I.S.; Ragaert, K.; Dewulf, J.; De Meester, S. Multivariate input-output and material flow analysis of current and future plastic recycling rates from waste electrical and electronic equipment: The case of small household appliances. Resour. Conserv. Recycl. 2021, 174, 105772. [Google Scholar] [CrossRef]

	



Kosloski-Oh, S.C.; Fieser, M.E. From source to disposal: Cracking the code for sustainable polymers. One Earth 2023, 6, 587–590. [Google Scholar] [CrossRef]

	



Van Geem, K.M. Plastic waste recycling is gaining momentum. Science 2023, 381, 607–608. [Google Scholar] [CrossRef]

	



Khairul Anuar, S.Z.; Nordin, A.H.; Nur Husna, S.M.; Yusoff, A.H.; Paiman, S.H.; Md Noor, S.F.; Nordin, M.L.; Ali, S.N.; Nazir Syah Ismail, Y.M. Recent advances in recycling and upcycling of hazardous plastic waste: A review. J. Environ. Manag. 2025, 380, 124867. [Google Scholar] [CrossRef]

	



Kayo, C.; Oka, H.; Komata, H.; Goh, C.S. Future projections of global wood carbon flow and stock and climate change mitigation potential considering waste wood recycling. Biomass Bioenergy 2025, 201, 108156. [Google Scholar] [CrossRef]

	



Duque-Villaverde, A.; Armada, D.; Dagnac, T.; Llompart, M. Recycled tire rubber materials in the spotlight. Determination of hazardous and lethal substances. Sci. Total Environ. 2024, 929, 172674. [Google Scholar] [CrossRef] [PubMed]

	



Caro, D.; Lodato, C.; Damgaard, A.; Cristóbal, J.; Foster, G.; Flachenecker, F.; Tonini, D. Environmental and socio-economic effects of construction and demolition waste recycling in the European Union. Sci. Total Environ. 2024, 908, 168295. [Google Scholar] [CrossRef]

	



Sagan, J.; Mach, A. Construction waste management: Impact on society and strategies for reduction. J. Clean. Prod. 2025, 486, 144363. [Google Scholar] [CrossRef]

	



Soares, B.; Ramos, M.; Martinho, G. Factors to consider for the implementation of a municipal scheme for the separate collection of textile waste. Sustain. Futures 2024, 7, 100203. [Google Scholar] [CrossRef]

	



Andini, E.; Bhalode, P.; Gantert, E.; Sadula, S.; Vlachos, D.G. Chemical recycling of mixed textile waste. Sci. Adv. 2024, 10, eado6827. [Google Scholar] [CrossRef] [PubMed]

	



Jamal, M.; Szefler, A.; Kelly, C.; Bond, N. Commercial and household food waste separation behaviour and the role of Local Authority: A case study. Int. J. Recycl. Org. Waste Agric. 2019, 8, 281–290. [Google Scholar] [CrossRef]

	



EEA Report 04/2020, Bio-Waste in Europe—Turning Challenges into Opportunities. Available online: https://www.eea.europa.eu/en/analysis/publications/bio-waste-in-europe (accessed on 25 June 2025).

	



Moustairas, I.; Vardopoulos, I.; Kavouras, S.; Salvati, L.; Zorpas, A.A. Exploring factors that affect public acceptance of establishing an urban environmental education and recycling center. Sustain. Chem. Pharm. 2022, 25, 100605. [Google Scholar] [CrossRef]

	



Lunetto, M.; Hale, J.; Michie, S. Achieving effective climate action in cities by understanding behavioral systems. One Earth 2022, 5, 745–748. [Google Scholar] [CrossRef]

	



Head Office of Geodesy and Cartography (GUGiK). Geoportal—Web Feature Service (WFS). Layers: A_03_Granice_Gmin, A_02_Granice_Powiatów. Available online: https://mapy.geoportal.gov.pl/imap/Imgp_2.html (accessed on 21 June 2025).

	



Act of 13 September 1996 on Maintaining Cleanliness and Order in Municipalities; Journal of Laws 1996, No. 132, Item 622, as Amended, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu19961320622 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 21 May 2025 on the Publication of the Uniform Text of the Act on Maintaining Cleanliness and Order in Municipalities, Journal of Laws 2025, Item 733, as Amended, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20250000733 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 13 September 2013 on the Publication of the Uniform Text of the Act on Maintaining Cleanliness and Order in Municipalities, Journal of Laws 2013, Item 1399, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20130001399 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 3 February 2016 on the Publication of the Uniform Text of the Act on Maintaining Cleanliness and Order in Municipalities, Journal of Laws 2016, Item 250, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20160000250 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 9 June 2017 on the Publication of the Uniform Text of the Act on Maintaining Cleanliness and Order in Municipalities, Journal of Laws 2017, Item 1289, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20170001289 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 5 July 2018 on the Publication of the Uniform Text of the Act on Maintaining Cleanliness and Order in Municipalities, Journal of Laws 2018, Item 1454, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20180001454 (accessed on 25 June 2025).

	



Act of 14 December 2012 on Waste; Journal of Laws 2013, Item 21, as Amended, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20130000021 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 7 July 2023 on the Publication of the Uniform Text of the Act on Waste, Journal of Laws 2023, Item 1587, as Amended, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20230001587 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 7 October 2016 on the Publication of the Uniform Text of the Act on Waste, Journal of Laws 2016, Item 1987, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20160001987 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 8 December 2017 on the Publication of the Uniform Text of the Act on Waste, Journal of Laws 2018, Item 21, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20180000021 (accessed on 25 June 2025).

	



Announcement of the Marshal of the Sejm of Poland of 10 May 2018 on the Publication of the Uniform Text of the Act on Waste, Journal of Laws 2018, Item 992, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20180000992 (accessed on 25 June 2025).

	



Ordinance of the Minister of the Climate of 2 January 2020 on the Catalogue of Waste. Journal of Laws 2020, Item 10, as Amended, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200000010 (accessed on 25 June 2025).

	



Ordinance of the Minister of the Environment of 27 September 2001 on the Catalogue of Waste. Journal of Laws 2001, No. 112, Item 1206, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20011121206 (accessed on 25 June 2025).

	



Ordinance of the Minister of the Environment of 9 December 2014 on the Catalogue of Waste. Journal of Laws 2014, Item 1923, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20140001923 (accessed on 25 June 2025).

	



Ordinance of the Minister of the Climate and Environment of 3 August 2021 on the Method of Calculating the Levels of Recycling, Preparation for Reuse and Recovery by Other Methods of Certain Fractions of Municipal Waste. Journal of Laws 2021, Item 1530, as Amended, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20210001530 (accessed on 25 June 2025).

	



Ordinance of the Minister of the Environment of 29 May 2012 on the Levels of Recycling, Preparation for Reuse and Recovery by Other Methods of Certain Fractions of Municipal Waste. Journal of Laws 2012, Item 645, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20120000645 (accessed on 25 June 2025).

	



Ordinance of the Minister of the Environment of 14 December 2016 on the Levels of Recycling, Preparation for Reuse and Recovery by Other Methods of Certain Fractions of Municipal Waste. Journal of Laws 2016, Item 2167, Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20160002167 (accessed on 25 June 2025).

	



European Commission. Commission Decision 2000/532/EC of 3 May 2000 Replacing Decision 94/3/EC establishing a List of Wastes Pursuant to Article 1(a) of Council Directive 75/442/EEC on waste and Council Decision 94/904/EC Establishing a List of Hazardous Waste Pursuant to Article 1(4) of Council Directive 91/689/EEC on Hazardous Waste (Notified Under Document Number C(2000) 1147) (Text with EEA Relevance) (2000/532/EC). Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02000D0532-20231206 (accessed on 25 November 2025).

	



European Commission. Commission Decision 2000/532/EC of 3 May 2000 Replacing Decision 94/3/EC Establishing a List of Wastes Pursuant to Article 1(a) of Council Directive 75/442/EEC on Waste and Council Decision 94/904/EC Establishing a List of hazardous Waste Pursuant to Article 1(4) of Council Directive 91/689/EEC on Hazardous Waste. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32000D0532 (accessed on 25 November 2025).

	



European Commission. Commission Decision 2014/955/EU of 18 December 2014 amending Decision 2000/532/EC on the List of Waste Pursuant to Directive 2008/98/EC of the European Parliament and of the Council. Off. J. Eur. Union 2014, L 370, 44–86. Available online: https://eur-lex.europa.eu/legal-content/PL/TXT/PDF/?uri=CELEX:32014D0955 (accessed on 25 November 2025).

	



Act of 27 April 2001. Environmental Protection Law; Journal of Laws 2001, No. 62, Item 627, as Amended Warsaw, Poland. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20010620627 (accessed on 25 June 2025).

	



European Commission. A New Circular Economy Action Plan for a Cleaner and More Competitive Europe; European Commission: Brussels, Belgium, 2020; pp. 1–20. [Google Scholar]

	



Johansson, N. Does the EU’s Action Plan for a Circular Economy Challenge the Linear Economy? Environ. Sci. Technol. 2021, 55, 15001–15003. [Google Scholar] [CrossRef] [PubMed]

	



Available online: https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en (accessed on 25 November 2025).








[image: Sustainability 18 00231 g001] 





Figure 1. Location maps. The upper panel shows Poland, divided into voivodeships (marked with dark grey lines) and counties (marked with red lines), as of 1 January 2020. The Podlaskie voivodeship (dark yellow fill) is shown with the Białostocki county highlighted in a red fill. The lower panel provides a close-up view of Białostocki county (delineated by a red boundary). This region is subdivided into local municipalities (identified by their native Polish names shown on the map), categorised as the town-and-village (turquoise) and the village (pale khaki) administrative types. The CAS locations within these municipalities are indicated by yellow dots. The upper and lower panel maps were created using the QGIS software (version 3.40.2-Bratislava), with underlying coordinate data sourced from [29]. The CAS locations were then visualised on the lower panel map. 
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Figure 2. The annual (bar charts) and the five-year (numerical values) waste mass (2014–2018) collected by each CAS in the town-and-village and the village municipalities (types separated by a thick vertical line), expressed in megagrams (Mg; metric tons). Exception: Supraśl 2 CASs → 1 analytical unit. 
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Figure 3. The list of 35 code-defined wastes (with numerical identifiers and assigned colours), collected in the town-and-village and the village municipalities (2014–2018). The assigned colour codes were used to distinguish specific waste types. These colour codes were applied in the bar charts (from Figure 4 and the Supplementary Materials). 
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Figure 4. The code-defined waste patterns (with centrally listed numerical identifiers) and the corresponding five-year waste masses (2014–2018) collected by the CAS facilities in the town-and-village versus the village municipalities. Values expressed in megagrams (Mg; metric tons), with waste mass quantities visualised through labelled bar charts. 
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Figure 5. The annual waste mass per household served (bar charts) collected by each CAS (2014–2018) in the town-and-village and the village municipalities (types separated by a thick vertical line). The 5-year OEI (numerical values)—enabling internal comparison between CAS facilities in different municipal types. Exception: Supraśl 2 CASs → 1 analytical unit. 
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Table 1. Ranking of CASs by operational infrastructure indicators (a–j), with corresponding municipality types. A guide to indicators is as follows: (a) displayed regulations; (b) security camera system; (c) fence; (d) gate; (e) weighing device; (f) specialised waste containers and bins; (g) aggregate-construction waste area; (h) crusher; (i) sorting line; (j) points awarded for the frequency of large-size waste collections (1 = once, 2 = twice or more per year). Note †: t-and-v = town-and-village; v = village.
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CAS in:

	
Municipality Type

	
Total pt

	
Rank Position

	
Key Technical Indicators:




	
a

	
b

	
c

	
d

	
e

	
f

	
g

	
h

	
i

	
j






	
Choroszcz

	
t-and-v †

	
8

	
1

	
0

	
1

	
1

	
1

	
1

	
1

	
1

	
0

	
0

	
2




	
Łapy

	
t-and-v

	
7

	
2

	
1

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Supraśl (two CASs)

	
t-and-v

	
7

	
2

	
0

	
1

	
1

	
1

	
1

	
1

	
1

	
0

	
0

	
1




	
Zabłudów

	
t-and-v

	
7

	
2

	
1

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Gródek

	
v †

	
7

	
2

	
1

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Juchnowiec Kościelny

	
v

	
7

	
2

	
1

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Zawady

	
v

	
7

	
2

	
1

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Czarna Białostocka

	
t-and-v

	
6

	
3

	
0

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Michałowo

	
t-and-v

	
6

	
3

	
1

	
1

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1




	
Suraż

	
t-and-v

	
6

	
3

	
1

	
0

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Tykocin

	
t-and-v

	
6

	
3

	
0

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Poświętne

	
v

	
6

	
3

	
1

	
0

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Turośń Kościelna

	
v

	
6

	
3

	
0

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Dobrzyniewo Duże

	
v

	
5

	
4

	
0

	
0

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
Wasilków

	
t-and-v

	
4

	
5

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1











 





Table 2. Five-year recycling/recovery potential for paper, metals, plastics, and glass in the CAS subsystem (2014–2018; Białostocki county).
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CAS in

	
Municipality Type

	
15 01 01

	
15 01 02

	
15 01 04

	
15 01 06

	
15 01 07

	
20 01 01

	
20 01 02

	
20 01 39

	
20 01 40

	
20 01 99

	
5-Year Total Collected Waste Mass (by Municipality)

[Mg]

	
A

5-Year Target Mass to Be Recycled

[Mg]

	
B

5-Year Target Mass to Be Recycled

[Mg]






	
Czarna Białostocka

	
t-and-v †

	
0.33

	
1.03

	
0.19

	

	
1.31

	

	

	

	

	

	
2.86

	
0.56

	
168.48 × 19.6%

= 33.02




	
Zabłudów

	
t-and-v

	
0.32

	

	

	
1.00

	

	

	

	
0.32

	

	

	
1.64

	
0.32




	
Suraż

	
t-and-v

	
1.50

	
0.39

	

	
0.50

	
1.00

	

	
0.66

	

	

	

	
4.05

	
0.79




	
Tykocin

	
t-and-v

	

	

	

	

	

	

	

	

	

	
7.72

	
7.72

	
1.51




	
Łapy

	
t-and-v

	

	

	
43.03

	

	

	

	

	

	

	

	
43.03

	
8.43




	
Choroszcz

	
t-and-v

	

	
0.02

	

	
5.16

	
0.02

	

	

	

	

	
13.10

	
18.30

	
3.59




	
Michałowo

	
t-and-v

	
4.82

	
0.10

	

	

	
0.10

	

	

	

	

	

	
5.02

	
0.98




	
Supraśl

	
t-and-v

	
32.34

	
23.62

	

	

	
27.5

	

	

	

	

	

	
83.46

	
16.36




	
Wasilków

	
t-and-v

	
1.80

	
0.6

	

	

	

	

	

	

	

	

	
2.40

	
0.47




	
Dobrzyniewo Duże

	
v †

	
1.86

	
7.1

	

	

	
0.50

	

	

	

	

	

	
9.46

	
1.85

	
78.72 × 19.6%

= 15.43




	
Juchnowiec Kościelny

	
v

	

	

	

	

	

	
1.24

	
0.30

	
8.14

	
0.20

	
37.78

	
47.66

	
9.34




	
Gródek

	
v

	

	
5.84

	

	

	
2.00

	

	

	

	

	

	
7.84

	
1.54




	
Turośń Kościelna

	
v

	
3.20

	
1.02

	

	

	
0.10

	

	

	

	

	
0.5

	
4.82

	
0.94




	
Poświętne

	
v

	
0.24

	
0.72

	

	

	
1.63

	

	

	

	

	

	
2.59

	
0.51




	
Zawady

	
v

	
1.32

	
0.27

	

	

	
4.76

	

	

	

	

	

	
6.35

	
1.24




	
5-year total collected waste mass (by code, both municipality types) [Mg]

	

	
47.73

	
40.71

	
43.22

	
6.66

	
38.92

	
1.24

	
0.96

	
8.46

	
0.2

	
59.1

	
247.20

	
48.45

	




	
5-year total collected waste mass (by code, t-and-v only) [Mg]

	

	
41.11

	
25.76

	
43.22

	
6.66

	
29.93

	
0.00

	
0.66

	
0.32

	
0.00

	
20.82

	

	

	




	
5-year total collected waste mass (by code, v only) [Mg]

	

	
6.62

	
14.95

	
0.00

	
0.00

	
8.99

	
1.24

	
0.30

	
8.14

	
0.20

	
38.28

	

	

	








Note †: t-and-v = town-and-village; v = village. The following waste codes shall be taken into account: 15 01 01 (paper and paperboard packaging), 15 01 02 (plastic packaging), 15 01 04 (metal packaging), 15 01 05 (composite packaging), ex 15 01 06 (mixed packaging waste, where ‘ex’ denotes only the portion comprising paper, metal, plastics, glass, and multi-material packaging), 15 01 07 (glass packaging), 20 01 01 (paper and paperboard), 20 01 02 (glass), 20 01 39 (plastics), 20 01 40 (metals), ex 20 01 99 (municipal wastes not otherwise specified, where ‘ex’ denotes only the portion comprising paper, metal, plastics, and glass waste). Codes from group 19 (e.g., 19 12 01–05), referring to wastes from mechanical treatment facilities, are omitted as they do not originate from direct collection from residents at CASs. The list is in accordance with regulations issued under Article 4(3) of the Act of 14 December 2012 on waste [38]; codes in bold were not present during the study period.













 





Table 3. Five-year recycling/recovery potential for non-hazardous construction and demolition waste in the CAS subsystem (2014–2018; Białostocki county).






Table 3. Five-year recycling/recovery potential for non-hazardous construction and demolition waste in the CAS subsystem (2014–2018; Białostocki county).





	
CAS in

	
Municipality Type

	
17 01 01

	
17 01 02

	
17 01 07

	
17 02 01

	
17 04 02

	
17 04 05

	
17 09 04

	
5-Year Total Collected Waste Mass (by Municipality)

[Mg]

	
A

5-Year Target Mass to Be Recycled

[Mg]

	
B

5-Year Target Mass to Be Recycled

[Mg]






	
Czarna Białostocka

	
t-and-v †

	

	

	
29.19

	

	

	

	
77.81

	
107

	
46.01

	
2944.21 × 43%

= 1266.01




	
Zabłudów

	
t-and-v

	
48.03

	
10.06

	
5.28

	

	

	
0.32

	
22.31

	
86

	
36.98




	
Suraż

	
t-and-v

	
13.63

	

	
8.58

	

	

	

	

	
22.21

	
9.55




	
Tykocin

	
t-and-v

	
5.32

	

	
6.24

	

	

	

	

	
11.56

	
4.97




	
Łapy

	
t-and-v

	
2153.60

	

	

	

	
0.20

	
39.11

	

	
2192.91

	
942.95




	
Choroszcz

	
t-and-v

	
8.81

	

	
101.18

	

	

	

	
42.98

	
152.97

	
65.78




	
Michałowo

	
t-and-v

	

	

	
33.12

	

	

	

	
2.00

	
35.12

	
15.10




	
Supraśl

	
t-and-v

	
121.53

	
84.11

	

	

	

	

	
86.28

	
291.92

	
125.53




	
Wasilków

	
t-and-v

	
14.50

	

	
11.42

	

	

	

	
18.60

	
44.52

	
19.14




	
Dobrzyniewo Duże

	
v †

	
6.50

	

	
21.20

	

	

	

	
206.29

	
233.99

	
100.62

	
1669.61 × 43%

= 717.93




	
Juchnowiec Kościelny

	
v

	
351.12

	

	

	
1.38

	

	

	
452.42

	
804.92

	
346.12




	
Gródek

	
v

	
1.64

	

	
136.96

	

	

	

	
16.22

	
154.82

	
66.57




	
Turośń Kościelna

	
v

	
10.04

	

	
416.42

	

	

	

	
8.40

	
434.86

	
186.99




	
Poświętne

	
v

	

	

	

	

	

	

	

	

	




	
Zawady

	
v

	
7.76

	

	
33.26

	

	

	

	

	
41.02

	
17.64




	
5-year total collected waste mass (by code, both municipality types) [Mg]

	

	
2742.48

	
94.17

	
802.85

	
1.38

	
0.2

	
39.43

	
933.31

	
4613.82

	
1983.94

	




	
5-year total collected waste mass (by code, t-and-v only) [Mg]

	

	
2365.42

	
94.17

	
195.01

	
0

	
0.2

	
39.43

	
249.98

	

	

	




	
5-year total collected waste mass (by code, v only) [Mg]

	

	
377.06

	
0

	
607.84

	
1.38

	
0

	
0

	
683.33

	

	

	








Note †: t-and-v = town-and-village; v = village. The following waste codes shall be taken into account: 17 01 01 (concrete waste and concrete rubble from demolitions and renovations), 17 01 02 (brick rubble), 17 01 03 (waste of other ceramics and ceramic-based equipment components), 17 01 07 (mixed waste from concrete, brick rubble, ceramic materials, and equipment other than that mentioned in 17 01 06), 17 02 01 (wood), 17 02 02 (glass), 17 02 03 (plastics), 17 03 02 (bituminous mixtures other than those mentioned in 17 03 01), 17 04 01 (copper, bronze, and brass), 17 04 02 (aluminium), 17 04 03 (lead), 17 04 04 (zinc), 17 04 05 (iron and steel), 17 04 06 (tin), 17 04 07 (mixed metals), 17 04 11 (cables other than those mentioned in 17 04 10), 17 05 08 (track ballast other than those mentioned in 17 05 07), 17 06 04 (insulation materials other than those mentioned in 17 06 01 and 17 06 03), 17 08 02 (gypsum-based construction materials other than those mentioned in 17 08 01), 17 09 04 (mixed construction, renovation, and dismantling waste other than that mentioned in 17 09 01, 17 09 02, 17 09 03), ex 20 03 99 (waste not otherwise specified in other subgroups; where ‘ex’ denotes only the portion comprising other than hazardous construction and demolition waste). The list is in accordance with regulations issued under Article 4(3) of the Act of 14 December 2012 on waste [38]; codes in bold were not present during the study period.
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