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Abstract

:

Population growth, consumerism and linear (take-make-dispose) economy models have been piling up waste for decades. The construction industry is also based primarily on linear economy models, but the good news is that most of the waste can be re-used or recycled. So far, numerous models for managing construction and demolition waste in a sustainable way have been developed, but only a few models have included circular economy approaches. The main objective of this study is to propose an integrated framework for the sustainability assessment of CDW management. Apart from the economic, environmental and social aspects of sustainability, this model also includes circular economy principles. The proposed framework is based on the integration of existing methods: bottom-up materials stock approximation; cost–benefit analysis for criteria calculation; and scenario and multi-criteria decision-making analysis for sustainability. It is suggested that the European average recovery rates should be used for future scenario development. With higher re-use and recycling rates, the potential for the circularity of the recovered waste grows. In an effort to increase circularity in the region, particular attention was devoted to customize the framework and examine its potential for use in the Western Balkan countries. The framework may also be useful in countries with immature construction and demolition waste management.
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1. Introduction


More than a third of the waste in Europe comes from construction and demolition activities [1]. The amounts of this type of waste generated worldwide reached 3 billion tons in 2012, with China, India and the United States as the main contributors [2]. In the same year, Europe generated 0.85 billion tons of construction and demolition waste [3]. In 2018, the data for Europe shows a steady increase in the amount of construction and demolition waste (CDW), amounting to almost 1 billion tons [3].



The typical composition of CDW highly depends on several factors. The key factors are the type of activity that generates the waste and the type of structure constructed or demolished. Depending on the type of activity, waste may come from construction activities, i.e., construction waste and from demolition activities, i.e., demolition waste. Researchers mainly agree that demolition waste constitutes a larger portion of CDW [4]. When it comes to different structures, buildings contribute the most to waste generation due to their mass construction and frequent demolition, while infrastructures are sporadically constructed and rarely demolished. Therefore, depending on the location and the common construction practice in a specific area, CDW consists of mineral waste from construction and demolition (brick, concrete, insulation, etc.), other mineral waste (gravel, rock, sand, etc.), glass and wood waste, metallic waste (ferrous and non-ferrous), soils and dredging spoils [5]. More importantly, almost all streams have a great potential for further processing (treatment). In the following order of priority, CDW may be re-used, recycled and incinerated [6]. However, CDW is mostly disposed in landfills or, in some cases, illegally dumped [7,8]. CDW is mainly considered as inert [9], although there can be a small percentage of toxic substances coming from asbestos, gypsum, coal tar and heavy metals [10]. Exposure to asbestos can occur during demolition, when asbestos fibers that are released into the air are breathed in and can cause scarring and inflammation of the lungs; this can affect breathing and lead to serious health problems [11]. Asbestos has also been classified as a known human carcinogen [12,13,14,15]. Drywall can leach toxins and release hydrogen sulfide gas in landfills while occupational exposure to coal tar increases the risk of skin cancer [16].



Processing of CDW may decrease the consumption of primary raw materials and the emission of greenhouse gases (GHG) [17]. These characteristics, alongside with the large amounts of CDW generated worldwide, were recognized by both scientists and governments. They turned this potential into strategies, action plans and legislations, based on sustainable development goals (SDG).



The most recent effort of the European Union resulted in the Circular Economy Action Plan. The first Action Plan that was published in 2015 revolved around the transition from linear to circular economy business models [18]. The transition stipulates that instead of taking primary raw materials from the environment to make different products that will be disposed as waste at the end of their use, circular economy should be oriented on the prevention of products becoming waste or prolongation of their use by employing re-use or recycling [18]. The Plan identified 54 actions designed to support SDG; goal 12.5 was defined as the “reduction of waste through prevention, reduction, recycling and reuse” and named five priority waste streams, including CDW [19]. However, apart from publication of a non-binding Protocol on how to properly manage CDW and pre-demolishing assessment guidelines, not much else was achieved in the area of CDW management [20].



The New Circular Economy Action Plan was published in 2020 and will hopefully amend this problem [21]. This new plan was designed as a part of a Green Deal initiative to make Europe the first climate neutral continent by 2050 [22]. The EU will devote at least EUR 1 trillion for this goal, out of which EUR 100 billion will go to the most affected regions [23]. As for the construction industry, the highest expectations are laid upon the specific waste reduction targets which were missing in the previous Waste Framework Directive (WFD). Although the Waste Framework Directive (WFD) set a 2020 objective for re-using, recycling or other recovery of non-hazardous fractions of CDW to a minimum of 70% by weight [6], many practitioners and researchers highlighted the need to make this target treatment specific (setting a specific re-using target, a recycling target, etc.) [23]. Apart from the specific targets and changing of product regulations to include recycled materials, the New Plan also included two new strategies: the Renovation Wave and Sustainable Built Environment Strategy [21]. While the former aims to double the energy efficient renovation rate (currently at 1%) by 2030 [24], the Sustainable Built Environment Strategy is designed to revise construction product regulations, reconsider waste regulations and promote circular economy principles.



So, what has Europe done so far to increase circularity in the construction and demolition sector? For instance, the latest data for the year 2018 shows that in the EU, mineral and non-hazardous CDW is very much recovered (in many counties is around 90%), and that the WDF target is already achieved. In the Western Balkans, four out of eight countries have reported that they achieved the 70% recovery target from the WFD. Two countries, Slovenia and Croatia, are EU members and as such are guided by the WFD; they reported a 98% and a 78% CDW recovery rate, respectively. Serbia and North Macedonia, as EU candidate countries, reported a CDW recovery of 81% and 100%, respectively [25]. However, these high percentages may be misleading as no information is provided on whether the recovered materials were further used in high-grade or low-grade applications such as backfilling. This is due to different interpretations of the terms recycling and backfilling in EU Member States as backfilled CDW is often reported as recycled [1]. For example, the Netherlands reported an almost 100% recovery rate for CDW in 2018; the fact is that only around 3% of the CDW was used in new concrete production [26] and not all CDW was recovered for high-grade applications. The lack of confidence in the quality of the recycled materials, due to a lack of quality standards, is the most cited reason for low levels of high-grade applications [27,28]. The other barriers for adopting the circular economy approach in CDW management practices identified by the academia are undeveloped markets for the recovered materials and the low prices of raw materials [29].



Therefore, what are the exact elements that CDW management practices should include to facilitate the future needs of circular economy in construction? What type of a sustainability assessment framework may be implemented to evaluate different management scenarios and find the optimal one? Why should the Western Balkans be in the focus and what is the circular economy perspective in the construction and demolition sector in these countries? This paper will suggest a framework that may answer these questions and facilitate these needs. It will take into account the particularities of a country and its economies and the best practices currently available in Europe to design a methodology for the assessment of CDW management options from the economic, environmental and social perspective.



To address the above questions, the current state-of-the art in the CDW management domain had to be analyzed. Desktop research was conducted in two directions. This included a review of CDW management publications in the most significant scientific journals, relevant EU policies and technical papers published in the last 15 years (from 2005). The first direction was to identify and analyze the existing sustainability assessment studies in order to identify their main elements, properties and techniques used for the assessments. This scientific review also helped to highlight the research gap that the proposed framework needed to fill. The second direction was to search for current best management practices and relevant policies that promote sustainable waste management and circular economy principles in the built environment in order to design better CDW management scenarios.




2. Previous Studies on Sustainability Assessments of CDW Management


The scientific community has been focused on CDW management for decades. The most recent studies (from 2011 to 2021) observed and analyzed CDW management from different aspects. The most analyzed were policies and circular economy strategies [30,31], opportunities and barriers in adopting circular economy in the built environment [32,33], stakeholders’ awareness [34,35], comparison of different management practices [9,36,37] and application of information technologies, such as GIS and big data in CDW management [38,39,40,41].



When it comes to the sustainability assessment, the studies mostly focused on environmental and economic effects and to a lesser extent on the social effects of different treatment options and scenarios for different waste streams. A large number of studies, as expected, covered the environmental performance of recycling [42,43,44], recycling and landfilling [45,46] and in some cases the reduction of CDW [47]. The second most investigated aspect of CDW management that was analyzed either as a stand-alone element [48,49] or in combination with the environmental [50,51,52] or social aspects [53] was the economic aspect.



To the best of the authors’ knowledge, the first paper that suggested an integration of all three sustainability pillars in waste management systems was written by Taelman et al. in 2020 [54]. In addition to an assessment framework, they developed a set of impact categories and indicators to address both the global and local impacts of a waste management system in five areas (prosperity, human well-being, human and ecosystem health and national resources).



The first to apply this framework in the CDW management sector was Iodice et al. in 2021 [55]. They analyzed and assessed the sustainability of three CDW management scenarios (baseline, linear and best practice) in the Campania region in Italy. Sustainability was assessed from the economic, environmental and social aspects and treatment options that were considered were mobile and stationary recycling and landfilling. The results showed that the implementation of the best practice scenario that includes selective demolition and increased recycling may benefit both the environment and society.



Although rich in sustainability factors, as 20 factors from all three domains were observed, the study by Iodice et al. was limited just to two treatment options [55]. The other limitation concerned the data on CDW generation and composition, particularly the CDW material breakdown. Namely, the data for the waste from traditional demolition were taken from the available studies and local environmental agencies while the waste data from the selective demolition were based on assumptions and best-guess estimates.



It appears that the majority of the above-mentioned sustainability assessment studies based their calculations on the statistical records of CDW quantities or estimations from practitioners and academia. However, CDW statistics in most countries are underdeveloped or vague. Additionally, academia and practitioners base their estimations on the amount of total construction and demolition waste per GDP or capita (population). In both cases there are no reliable data on the quantities of particular waste streams such as the mineral, metallic, glass or wood waste streams. This data would facilitate the development of more appropriate treatment strategies, designed and developed for each stream that could finally lead to better and more informed decision-making.



When it comes to different CDW streams, recycled concrete (alone or as a part of mixed CDW) is the most analyzed material, owing it to the fact that concrete is the largest contributor in the overall quantity of CDW: however, one must not overlook the treatment potential of other materials such as brick, wood and steel.



Finally, the circular economy approach is yet to be fully adopted in these assessments as most of the studies were focused mainly on recycling and landfilling, while the preparation for re-use and energy recovery as treatment options were rarely analyzed.



The proposed framework will address these limitations. Firstly, rather than using statistical data on the total generation of CDW, or CDW generation rates obtained from previous studies or practitioners, the framework will calculate and forecast the quantities of each particular CDW stream. Secondly, these quantities will be calculated on the basis of construction material quantities built into residential buildings and they will form a unique database of material stock. Finally, the CDW management scenarios will encompass all possible treatments of CDW, from preparing for re-use to energy recovery and disposal. Additionally, the CDW management scenarios will include high re-use and recycling rates to investigate the full circular economy potential of the proposed CDW management option.




3. Proposed Integrated Framework for Sustainability Assessment of the CDW Management


3.1. Sustainability Assessment Framework


A three-stage multidisciplinary methodology for the evaluation of CDW management options’ sustainability is proposed. In general, the framework is designed to transform corresponding input data that may be related to the construction and demolition practice into qualitative and quantitative output data. The transformation process shown in Figure 1 uses several analyses and methods from different scientific domains, mainly waste and project management, that are integrated into one overarching methodology for the sustainability assessment.



As stated previously, this assessment should enable more informative decisions in CDW management. To facilitate this, specific goals of this framework were to form a database of materials (i.e., Material stock database) used for the construction of buildings and consequently to estimate the potential quantity of construction and demolition waste. The former presents stage one, while the latter presents stage two of the proposed framework.



The formation of the Material stock database requires a comprehensive set of building information, such as the type of materials built into construction elements and the physical characteristics of these elements for the entire building stock of a country. This information is rarely available. To overcome this, a bottom-up material stock analysis is suggested. The bottom-up material stock analysis includes the aggregation of the entire building environment stock into groups of objects with similar age and physical characteristics. Each group has its typical representative (archetype), which is then used further in the analysis. The transformation process in this stage of the methodology involves the segregation of archetypes into construction elements made of different materials and the calculation of their quantities. The materials are then grouped into different types (concrete, bricks, wood, metal, etc.) to facilitate the easier division of waste streams and their further treatment.



The second stage of the framework starts with the definition of the construction and demolition profile of the building stock. The building stock is a dynamic system, which means that it changes over time. Therefore, a simulation of future stock development is necessary before the quantity of CDW may be estimated. Apart from construction and demolition rates, this simulation encompasses a list of improvement measures that will be performed in the corresponding renovation cycle (usually 20 to 50 years depending on the construction element). If the projected timeframe is 50 years or more, this framework stage should also include the occurrence of natural disasters that cause significant demolition quantities, especially earthquakes in this region. Consecutively, the framework should use some method for earthquake loss estimation (including demolition quantities), similar to the one proposed in Stojadinović et al. [56]. And finally, renovation cycles serve for the definition of the building stock’s renovation rates. These rates present the share of building stock from different groups of objects that will be constructed, renovated or demolished in a given year. Coupled with the material composition of the corresponding archetypes, the quantity of waste generated from these activities may be estimated.



The final stage of the integrated methodology is to choose the optimal strategy and make the right decision with respect to different CDW management scenarios. The first step in this stage is to define the treatment rates for different waste streams and different scenarios. The sustainability of each scenario is then assessed through a set of criteria and sub-criteria that may have a positive or negative effect on the society. The authors propose a set of 16 sub-criteria grouped into three criteria (Table 1) to grasp the entire sustainability domain.



The first group of criteria are costs and revenues and they belong to the economic field (labeled e in Table 1). These are capital, operational, replacement and clearance expenditures (costs) of different treatment options. The revenues from these options may come from sales of recovered product including heat and electricity and the savings from different taxes and fees, such as landfilling taxes and gate fees.



The environmental set of criteria (labeled en in Table 1) considered the positive and negative effects of different scenarios. The positive effects are reflected in decreased greenhouse gas (GHG) emissions and the reduced use of primary raw materials. There are even some treatment options that have a negative effect on society, such as landfilling and illegal dumping. Even recycling and energy recovery emit GHGs, mostly from transport and operation, but the positive effects of these waste treatment operations prevail over the negative effects.



And finally, the social set of criteria (labelled s in Table 1) includes the social adjustment of the cost and revenues to illustrate the local market imbalance with respects to taxation, customs and unemployment rates, as well as land degradation and discomfort caused by different treatment options.



To compare the scenarios with respect to these criteria and sub-criteria several multi-criteria decision-making analyses are available. An application of several Multi-Criteria Decision-Making (MCDM) techniques (AHP, VIKOR, TOPSIS, etc.) can be applied as in Tirth et al. [57]. Authors propose the Analytical Hierarchy Process (AHP) to be used in this framework, due to its simplicity and flexibility. AHP was developed by Saaty in 1980 and it uses pairwise comparisons of criteria and sub-criteria and alternatives with respect to each criterion and sub-criterion in the form of matrixes of judgment. The Saaty scale [58] was used to describe the comparison: 1, 3, 5 and 9 were used to grade equal (1) to extreme (9) importance of one sub-criteria over another; 2, 4, 6 and 8 were used when compromise was needed. The matrixes of judgments are symmetrical with reciprocal values, meaning that “when activity i has one value assigned when compared with activity j, then j has the reciprocal value when compared to i”.



An example of the sub-criteria comparison matrix is given in Figure 2a,b. Two Serbian waste management experts were interviewed and asked to compare pairs of sub-criteria. The experts were selected on the basis of their preferences: one that was mainly economically oriented and one that was mainly environmentally oriented. The economically oriented expert gave higher importance to the economic criteria when compared to two other criteria. For instance, a very strong (7) or even extreme importance (9) was assigned to capital expenditures (sub criteria e1) over environmental (en1) and social criteria (s1–s7).



As expected, the environmentally oriented expert preferred environmental and social criteria over economic (e1–e8); thus, environmental criterion en1 had moderate importance (3) over social criteria s5 (public discomfort due to landfill presence) and s6 (arable land consumption), but a very strong importance (6, i.e., 1/6) over capital (e1) and operational expenditures (e2).



The eigenvector of each matrix is the vector of criteria priorities [58]. The CDW management strategy scenarios (alternatives) are compared with respect to each criterion and form the alternative judgment matrices. The eigen vector of these matrices is the vector of alternative priorities meaning that the alternative with the highest priority represents the optimal scenario for managing CDW.



Considering that the proposed framework serves to build a model that will illustrate a real-life CDW management system, verification and validation of whether the model is a good representation of the real-life system is advised. Both of these processes should be conducted in all three stages of the framework. The verification of a model should be carried out during the implementation process to search for errors that may hinder the implementation. The authors propose a three-step validation: the extreme conditions test; a sensitivity analysis; and the comparison of results with the real or analytical data, if real data are not available.




3.2. CDW Management Scenarios


To reach appropriate levels of circularity in the Western Balkan countries, one must start from different positions in each of the particular countries. The current state of CDW management differs from country to country and, for that reason, a baseline scenario for each country should be established and described before developing possible management scenarios. The future practice (or scenarios) should be established by investigating the principal policy elements that support the European best practice, mainly the economic instruments and legal requirements. Aside from the policy elements, possible scenarios should be designed on the basis of the composition of CDW and the maximum share of particular waste streams and the appropriate and available technology for their treatment.



3.2.1. Current CDW Management Scenarios


As shown in Figure 3, countries with larger populations and a higher GDP per capita generate more CDW, which is in line with claims from several authors [1]. Official statistical quantities of CDW for each country are given in Figure 3, with assumptions made for Albania which had no data on CDW [3]. As shown, the current generation of CDW in the Western Balkans is below the European average and reportedly ranges from 35.6 (North Macedonia) to 1260 kilotons (Croatia) of CDW per year. Almost 30% of the total CDW generated belongs to the mineral fraction of CDW that is most suitable for further treatment and high-grade applications. However, these amounts are mostly underestimated as there is a significant amount of CDW waste generated and disposed of in landfills without reporting or even illegally dumped (ranging from 2.4% to 24%) [59].



The current treatment rates alongside with the principal elements of current CDW management are shown in Table 2. The rates are based on the national statistics published by Eurostat [25]. These numbers are most likely the result of poor management practices in the non-EU Western Balkans countries.



In most of the countries here, there is a certain legal waste framework primarily based on the Waste Directive Framework [6], however the implementation is partial. Albania, Bosnia and Hercegovina and Kosovo (under UN Resolution 1244) are yet to adopt the Circular Economy approach [59].



The EU countries, Slovenia and Croatia, have high recycling rates due to the recovery targets from the WFD. The Slovenian landfilling tax of EUR 11 and 22 per ton of non-hazardous and hazardous waste, respectively [60], may show the efficiency of tax as an economic instrument for increased recycling and recovery (98%). However, the share of high-quality application of these recycled materials is still in question.



With an immature market in the rest of the countries and no quality standards that would increase confidence in the recycled materials, the recycling rates are zero. North Macedonia, with a reported recycling rate of 100% is an exception; however, as no recycling facilities were reported in North Macedonia this may be attributed to statistical misinterpretation. Clearly, there is an enormous potential for change in these rates.




3.2.2. Future CDW Management Scenarios


A starting point when considering the possible CDW management scenarios for the Western Balkan countries may be the average European treatment rates shown in Figure 4. The other point may be the management drivers from the countries with high recovery rates and similar GDP per capita. The data for 2018 shows that the EU average recycling and backfilling rate of the CDW mineral fraction are 83% and 7%, respectively, while only 10% of the waste is disposed. This means that, on average, the EU has reached the WFD target even before 2020. When it comes to CDW management drivers, almost all EU countries have implemented either a landfill tax (ranging from EUR 5 to more than 100 per ton) or a landfill ban [60].



Apart from the introduction of landfill taxes, recycling in Slovenia and Croatia is further encouraged by the end-of-waste criteria developed for iron, steel, aluminum, copper and glass [61,62,63]. These criteria are oriented to increase the confidence of practitioners in recovered material use and increase the maturity of the recovered material market development. However, there are currently no quality standards developed specifically for the recovered materials and their use in new products.



One of the main drivers for high recovery rates are well established and mature markets of recovered materials. For instance, valuable lessons for secondary material market development may be acquired from the Netherlands, Germany and Denmark [9] for Europe, or the United States, Australia and South Korea [64] for the rest of the world. Additionally, aside from taxes and bans, market development barriers may be successfully and more efficiently overcome by governmental subsidies or environmental credits for green building certified by BREEAM or LEAD.



Evidently, one of the possible scenarios may be to reach the European average by a prescribed period of time. On the other hand, countries that signed the Paris Agreement [65] and that are devoted to the reduction of global GHG emission should not stop there. The transition to a circular economy directly supports this goal, so scenarios based on this approach should be included in future CDW management. Apart from quality standards and end-of-waste criteria, which have been developed by the EU, the elements of these scenarios should include high re-use and high-quality recycling rates achieved through recovery thresholds at least on public projects [35] or economic instruments that would subsidize markets of recovered materials.





3.3. Spatial and Temporal Scope of the Framework


The authors suggest that the proposed framework should be applied to the territory of the Western Balkans for several reasons. To begin with, in addition to the EU Member States Slovenia and Croatia, these countries share a combined territory of 292.3 thousand km2 (7% of Europe) and have almost 23.7 million inhabitants [66,67]. They also share similar architectural characteristics and construction practices, especially for the buildings built in the aftermath of World War II, when most of these countries were part of one federation (Yugoslavia). As the economies still very much lean one on another, there is also a large potential for the expansion of the recovered material market to nearby countries. Finally, most of these countries are yet to adopt circular economy principles and develop new business models to support these.



The other suggestion concerns the types of construction. Taking into account the share of residential buildings in the building stock in one country and the circumstances where infrastructure objects (bridges, tunnels, dams, etc.) are rarely renovated or demolished, the authors recommend that the framework focus should be on residential buildings.



When it comes to the time limits of the study, the authors propose that residential buildings with a higher probability that either renovation or demolition activity will occur before 2050 be used in the future case studies. These are the buildings built from 1946 to 1990, which will be aged between 50 and 94 years by 2050 and will undergo renovation in order to increase their energy efficiency. Apart from demolition, two other circumstances that may generate large amounts of CDW in the future may be frequent earthquakes or major development projects. The period prior to World War II was not considered, as it was assumed that most of the building stock in these countries was built after the war. For instance, in the case of Serbia and Bosnia and Herzegovina more than 84% and 98% of the buildings, respectively, were built after 1946 [68].




3.4. Data Availability


Optimal and informed decision making requires quality and reliable data. The proposed framework requires different categories of data for all three stages. These data may come from various sources (Table 3), however the authors suggest that the assessment should utilize official sets of data whenever possible. Data from the national statistic offices are easily available and the most used data in literature. This framework uses data on the quantity and type of residential buildings in a given country and their period of construction. Most of the counties gather these types of data from their censuses of population, households and dwellings, which are organized every 10 years (i.e., 2001, 2011, 2021). Considering that most of the countries delayed their censuses for a few months or even a year due to the COVID-19 outbreak, results from the previous censuses, held in 2011 (or 2013 in case of Bosnia and Herzegovina), are used.



The other set of data, related to the archetypes of building, the physical characteristics of their elements and the type of materials from which these elements were made, can be obtained from the direct surveying of the residential building stocks. Conveniently, 13 European countries participated in the TABULA project, which was performed from 2009 to 2013, including Bosnia and Herzegovina, Serbia and Slovenia. This project was cofounded by the European Union with the aim of developing building typologies and calculating possible energy savings by the implementing improvement measures [68]. Buildings were classified on the basis of their type and period of construction; namely, single house and multi-house buildings (including high-rise buildings) were further divided into six groups depending on the period in which they were built (for example: before 1945, 1946–1960, 1961–1970, 1971–1980, 1981–1990, 1991–2011).



In these periods, 29 archetypes were developed for Bosnia and Herzegovina, 39 for Serbia and 24 for Slovenia [68]. In the absence of better results for the other Western Balkans countries, the authors suggest that these archetypes may also serve as the starting points for Croatia, Kosovo, Montenegro and North Macedonia, especially if we analyze the building stock for the period of 1946–1990, when all of these countries were part of one federation. One may choose to use building archetypes from the adjacent regions of neighboring countries with similar economies when deciding which available archetype to use. For instance, certain archetypes from Slovenia may be used for north Croatia, or archetypes from south Serbia may be used for Kosovo, etc.



Contrary to static building stock modelling, such as a time snapshot of building stock in 2013, the second stage of the proposed framework involves dynamic stock modelling, i.e., future changes of building stocks as developed by Sandberg et al. [69]. They used information from national statistics and demolition and renovation probability to perform the simulation of the building stock in 11 European countries by 2050. The results, based on data from 11 countries with different construction practices, showed similar results (the renovation rate ranged from 0.6% to 1.6% while the demolition rate ranged from 0.4% to 1.2%). For Serbia and Slovenia, who participated in the Sandberg et al. study [69], the future CDW management sustainability assessments may use the direct results from this study, while other Western Balkan countries should develop their own simulations on the basis of this model.





4. Discussion


4.1. Comparison with Other Sustainability Assessment Framework


The assessment framework proposed in this study is compared with other sustainability assessments studies in the CDW management domain. Details of this comparison are provided in Table 4. As shown in Table 4, other studies most often include the comparison of two CDW treatment scenarios (mostly recycling and disposal) end evaluate only the environmental and economical aspect of sustainability, while the proposed framework encompasses all CDW treatment options (from re-use to disposal) and all sustainability aspects.



The proposed framework also aims to include more waste streams then other studies that were mainly focused on concrete or mixed CDW stream. The information on CDW streams quantities may lead to better forecasting and more effective CDW management decisions. To facilitate this, the proposed framework integrates a bottom-up material stock analysis, rather than using practitioners’ estimations or statistical data on the CDW quantities.



When it comes to the comparison of the scope of the studies, the presented framework is designed for sustainability assessments on a national level, but can easily be applied on a regional or a city level. The principles of the framework proposed here are not country specific. The framework may be used worldwide in countries that are early adopters of the circular economy approach and with no reliable statistics related to CDW management. However certain preconditions are needed. The framework relies on the (arche)type of residential buildings to determine the material stock and this has to exist in some form in the particular country. Additionally, the renovation and demolition profile and the CDW management scenarios are also country specific and are subject to the level of economic development and the legal framework within the country.




4.2. Limitations of the Framework


The proposed framework has several main limitations. One of the most important is related to the material and building stock analysis. Namely, only residential buildings are included on the basis of the assumption that as a result of the Renovation Wave strategy, future activities will predominantly be the renovation of the residential building stock. For the same reason and due to their age, only typical residential buildings that will have existed for 50 or more years in 2040 are included.



Another limitation concerns the generalization of the entire residential building stock and its approximation with typical building representatives. As much as these representatives are rich in details regarding their physical and geometrical characteristics, they still cannot represent the entire stock. However, with no other reliable data on the stock, the authors believe that this is a good representation especially when it comes to construction practices, element types and materials used in a certain period. In order to cover the uncertainties in the quantity of materials and consequently the waste generated, the authors suggest that a sensitivity analysis should be conducted in each stage of the framework.



Finally, the environmental aspect of the sustainability assessment is focused around GHG emissions, CO2 emissions in particular. This was suggested in order to simplify the analysis. CO2 emissions are easily calculated and monetized. On the other hand, other emission to air such as dust, dioxins, etc. were excluded.



Furthermore, emissions to water (both surface and underground) and soil (leachate, heavy metals) were not included in the study as they are considered minimal due to the inert nature of the construction and demolition waste. However, future holistic assessments should include them as well.




4.3. Implications for CDW Management


The primary focus of the presented work was to create a framework that is based on sound research and that can be applied in practice and be as user friendly as possible. Further research will focus on framework validation through case studies, as a platform for benchmarking. Additional framework development implies the inclusion of more evaluation criteria, non-residential buildings, a wider temporal scope and different methods for MCDM analysis. The validation of the calculated waste quantities is expected to be done with Building Information Modeling (BIM) and Geographic Information System (GIS) modeling.



Decision-makers and practitioners can use the material stock database when planning renovation and demolition strategies in certain locations as well as when designing their business models. Both national and local governments may formulate more informative CDW management strategies based on the proposed framework that would benefit the environment and society at large.





5. Conclusions


The circular economy is gaining momentum worldwide, requiring that more complex and more sustainable CDW management strategies are being developed. The existing models for sustainability assessment rarely include all three aspects of sustainability (economic, environmental, social). On the other hand, almost all of the models are based on statistical records on CDW quantities that often underestimate the real CDW generation rates.



The integrated framework proposed in this work uses scenario and multi-criteria analysis that are frequently used in the decision-making process and couples them with a bottom-up material stock analysis. The framework is designed to yield three sets of results: a material stock database, the quantity of CDW and the optimal scenario for managing this CDW. Aside from the obvious use in CDW management decision-making, the authors believe that the material stock database may be a valuable resource for circular economy planning. This database scales the type and the quantity of materials built into the residential building stock. At some point this material will become waste due to renovation and demolition activity. By knowing its quantity and composition, different CDW management strategies with higher re-use and recycle rates may be developed that support the Circular economy. The authors propose the use of AHP for the selection of the optimal CDW management scenario. This is completed in two steps: (1) through economic, environmental and social criteria comparison on the basis of experts’ preferences; and (2) scenarios (alternatives) comparison on the basis of these criteria.



Future frameworks may include non-residential buildings and cover the entire building stock as well as infrastructure objects. As well as this, a temporal boundary of future research may be extended to cover buildings built after 1990. Considering that circular economy-oriented legislation is expected in the years to come, future scenarios should analyze its impact on the society in these countries.



Considering that the sustainability assessment suggested in the framework will be the first of its kind in the Western Balkans as well as in Croatia and Slovenia, the authors believe it would be very beneficial both to governments and practitioners. Governments may use it when analyzing and deciding on the circular economy policies and strategies for CDW management at both the national and local scale, while practitioners may use it to create more sustainable and more circular business models.
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Figure 1. The framework for the sustainability assessment of CDW management scenarios. 
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Figure 2. An example of a sub-criteria judgment matrix from Serbia: (a) Economically oriented decision-maker; (b) Environmentally oriented decision-maker. 
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Figure 3. European CDW generation rates in relation to GPD per capita (data for 2018). (ISO-3166-Aplha 3-digit codes were used for countries abbreviations). 
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Figure 4. CDW management treatment rates in Europe (data for 2018). (ISO-3166-Aplha 3-digit codes were used for countries’ abbreviations) AUT—Austria; BEL—Belgium; BGR—Bulgaria; CYP—Cyprus; CZE—Czech Republic; DEU—Germany; DNK—Denmark; ESP—Spain; EST—Estonia; FIN—Finland; FRA—France; GBR—Great Britain; GRC—Greece; HUN—Hungary; IRL—Ireland; ISL—Iceland; ITA—Italy; LUX—Luxemburg; LVA—Latvia; LTU—Lithuania; MLT—Malta; NLD—Netherlands; NOR—Norway; POL—Poland; PRT—Portugal; ROM—Romania; SVK—Slovakia; SWE—Sweden. 
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Table 1. An overview of the sustainability assessment criteria and sub-criteria.
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	Economic (e)
	Environmental (en)
	Social (s)





	1. Capital expenditures

2. Operational expenditures

3. Replacement works

4. Clearance works

5. Sale of recovered materials

6. Sale of recovered energy (heat and electricity)

7. Landfill taxes and gate fees

8. Residual values
	1. Avoided GHG emissions through:

recovered materials

energy recovery

improved WMS 1
	1. Social capital expenditures

2. Social operational expenditures

3. Social replacement works

4. Social clearance works

5. Public discomfort due to landfill presence

6. Arable land consumption

7. Social residual values







1 Waste Management System.
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Table 2. Principal elements of CDW management and treatment rates in Western Balkans countries.
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Country

	
Elements of CDW Management

	
Treatment Rates




	
End-of-Waste Criteria

	
Quality Standards

	
Recovered Mat. Market

	
Incentives

	
Bans or Taxes

	
Recovery Targets

	
RC

	
BF

	
D






	
ALB

	
no

	
no

	
immature

	
no

	
no

	
no

	
n/a

	
n/a

	
n/a




	
BIH

	
no

	
no

	
no

	
n/a

	
n/a

	
n/a




	
HRV

	
yes

	
foreseen

	
WFD

	
70%

	
8%

	
22%




	
XKX *

	
no

	
no

	
no

	
n/a

	
n/a

	
n/a




	
MNE

	
no

	
no

	
no

	
0%

	
0%

	
100%




	
MKD

	
no

	
no

	
no

	
100%

	
0%

	
0%




	
SRB

	
no

	
no

	
no

	
0%

	
81%

	
19%




	
SVN

	
yes

	
11(22) €

	
WFD

	
98%

	
0%

	
2%








ALB—Albania; BIH—Bosnia and Herzegovina; HRV—Croatia; XKX—Kosovo; *—under UN Resolution 1244; MNE—Montenegro; MKD—North Macedonia; SRB—Serbia; SVN—Slovenia; RC—recycling; BF—Backfilling; D—disposal (landfilling).
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Table 3. A review of the framework input data and data availability.
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Country

	
Formation of MS Database

(Based on Archetypes)

	
Estimation of CDW Quantity

	
Sustainability Assessment of CDW Management Options




	
Source for Quantity Estimation and Period of Construction

	
Architectural Plans

	
CR

	
RR

	
DR

	
Criteria

	
Alternatives

	
Decision-Makers Preferences






	
Albania

	
instat.gov.al accessed on 1 November 2021

	
to be adapted

	
to be calculated

	
ECO

ENVI

SOC as in Table 2

	
as described in Section 3.2

	
based on local stakeholders’ preferences




	
BIH

	
bhas.gov.ba accessed on 1 November 2021

	
TABULA

	
to be calculated




	
Croatia

	
dzs.hr accessed on 1 November 2021

	
to be adapted

	
to be calculated




	
Kosovo *

	
ask.rks-gov.net accessed on 1 November 2021

	
TABULA

	
Sandberg et al.




	
MNE

	
monstat.org accessed on 1 November 2021

	
to be adapted

	
to be calculated




	
MKD

	
stat.gov.mk accessed on 1 November 2021

	
to be adapted

	
to be calculated




	
Serbia

	
stat.gov.rs accessed on 1 November 2021

	
TABULA

	
to be calculated




	
Slovenia

	
stat.si accessed on 1 November 2021

	
TABULA

	
Sandberg et al.








BIH—Bosnia and Herzegovina; Kosovo *—under UN Resolution 1244; MNE—Montenegro; MKD—North Macedonia; MS—Material stock; CR—construction rate; RR—renovation rate; DR—demolition rate; ECO—Economic; ENVI—Environmental; SOC—Social.
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Table 4. Comparison of the proposed sustainability framework and literature data.
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Reference

	
Scope

	
Treatment Options

	
Sustainability




	
Level

	
Forecast

	
Waste Stream

	
ECO

	
ENVI

	
SOC






	
Proposed framework

	
NAT

	
√

	
bricks, concrete, stone, metal, wood, plastic, gypsum, glass

	
RU, RC, ER, D

	
√

	
√

	
√




	
[55]

	
REG

	
-

	
mixed CDW

	
RC, D

	
√

	
√

	
√




	
[44]

	
PRO

	
-

	
mixed CDW, wood, plastic, plasterboards, glass, metal

	
n/a

	

	
√

	




	
[43]

	
NAT

	
-

	
concrete

	
RC, D

	
√

	
√

	




	
[46]

	
CIT

	
-

	
mineral CDW

	
RC, D

	

	
√

	




	
[53]

	
PRO

	
√

	
concrete

	
RC

	
√

	
√

	
√




	
[42]

	
PRO

	
-

	
concrete

	
RC

	

	
√

	




	
[52]

	
REG

	
-

	
gypsum, cement, concrete

	
RC

	
√

	
√

	




	
[45]

	
NAT

	
√

	
mineral CDW, metal, wood, mixed CDW

	
RU, RC, ER, D

	
√

	
√

	




	
[48,49]

	
CIT

	
√

	
mixed CDW

	
RC

	
√

	

	




	
[51]

	
NAT

	
√

	
mixed CDW

	
RC, D

	
√

	
√

	




	
[50]

	
REG

	
-

	
mixed CDW

	
RC, D

	
√

	
√

	
√








NAT—national level; REG—regional level; CIT—city level; PRO—project level; RU—re-use; RC—recycling; ER—energy recovery; D—disposal; ECO—Economic; ENVI—Environmental; SOC—Social.
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