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Abstract

:

Thermal waste transformation plants (waste incineration plants) are a strong architectural accent in the existing site context. They often function as power plants or combined heat and power plants, producing heat and/or electricity by recovering energy from flue gases. The main objective of this study was to demonstrate the relationship between the architectural quality and protection of the natural environment through the technological solutions applied. The indirect aims of the study include the demonstration of the educational message conveyed through architectural and environmental solutions. The relationships defined by the objective were verified in comparative studies of eight operating waste incineration plants in Poland, located in: Bialystok, Bydgoszcz, Konin, Krakow, Poznan, Rzeszow, Szczecin, and Warsaw. The results were presented in three problem areas: (i) architectural quality, (ii) environmental solutions, and (iii) educational message. The results of the study led to the following conclusions: (i) waste incineration plants operating in Poland show a relationship between the architectural quality and broadly understood pro-environmental solutions, (ii) and all waste incineration plants operating in Poland show educational solutions.
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1. Introduction


Architecture is a mirror of the life and social behaviour of each historical era [1]. In recent decades, industrialisation and economic growth have become evident, helping to improve the quality of life of the population in both urban and rural areas [2,3]. An increase in consumption and the progressively shorter life cycle of everyday items has dramatically amplified the amount of waste people produce. In recent years, there has been a noticeable increased social and legal movement toward ensuring the applicability of sustainable development and minimising the degradation of the environment by the growing amount of waste. The human impact on the environment is also evident in waste management and production [4,5]. To date, landfills are the most common solution in waste management [6,7]; unfortunately, however, they have a negative impact on the environment [7] and human health.



The massive increase in the production of municipal solid waste (MSW) has accelerated the need to implement incineration plants into the waste management system [8,9]. The technology of municipal waste incineration is used to minimise landfill space [10,11] and reduce the amount of waste, typically in incineration plants or waste-to-energy facilities. Optimal resource management is the key topic in waste management. The constant growth of urban industrial waste has become a complex and difficult to manage problem of modern society [12,13]. To overcome the challenges connected with the accumulation of rapid municipal solid waste, the waste-to-energy method appears to be the most promising due to better recycling methods and the reduction in waste in landfills, as well as a better energy security and a decrease in emissions [14]. The incineration process offers the opportunity for material recycling by recovering resources that would not otherwise be used [15]. As an example, the segregation of metals from bottom ash achieves more than a 90% potential for most ferrous and non-ferrous metals using modern techniques. In this way, bottom ash can replace natural resources of a similar nature, i.e., sand and gravel [16]. Furthermore, incineration plants become included in thermal conversion by the combustion of waste (municipal, industrial or hazardous, as well as sewage sludge). In Poland, there are eight plants performing the thermal conversion of municipal waste, they include installations in Bialystok, Bydgoszcz, Konin, Krakow, Poznan, Rzeszow, Szczecin, and Warsaw. Installations that serve the thermal conversion of municipal waste (including waste incineration plants and co-incineration in cement plants and fuel combustion plants) showed a total capacity of 2559 thousand tons, producing electric energy and heat. The lack of emphasis on environmental aspects during education means that the culture of treating waste as an integral part of the design process is essentially non-existent for those currently working in the construction industry. There is a need for the development of new waste management technologies that can effectively reduce the volume of waste and minimise the environmental impact [17,18]. Contemporary research pays particular attention to the need of increasing the efficiency of and bringing about a reduction in greenhouse gas emissions from combustion processes [19]. There are several barriers improving the environmental performance of construction waste management in remote communities by diverting construction waste from landfills. The most recurring barriers include: the cost and time involved in waste sorting and recycling, lack of incentives, industry culture, and a lack of education [20,21].



1.1. World Incinerator Architecture, Pro-Environmental and Pro-Social Solutions


The new use of waste incinerators as deepened possibilities for recycling materials, and also for obtaining electricity and heat, is increasingly being implemented in local legislation. They are also becoming contributors in the challenges of architects seeking to enhance the aesthetic quality and sustainability approach of such buildings. The selected international examples of modern waste incinerators are presented below.



1.1.1. Spittelau, Friedensreich Hundertwasser, Vienna, Austria


Waste incinerators are industrial plants for which functionality is paramount. However, the role of architecture in these facilities should not be underestimated, especially since some of them are located directly in the urban fabric. The concept of industrial buildings as an integral form of urban and social ingenuity has led to the idea of new building typologies and industrial aesthetics [22]. The Spittelau municipal waste incinerator (MWI) plant in Vienna (Figure 1) is primarily responsible for supplying heat to Vienna’s AKH hospital. The incinerator was designed to meet high environmental standards using state-of-the-art technologies, with the hope of making it as clean as possible for municipal waste incineration. The building was not to be an industrial monument, but a resident-friendly architectural structure, indicating with its appearance the ecological principles of the incinerator. The design work was entrusted to the architect Friedensreich Hundertwasser, whose vision was that this industrial architecture should reconcile technology, ecology, and art. The architect worked to transform the incinerator into a cheerful building with colourful facades and a golden ball on the chimney, an integral part of the Viennese landscape [23]. The green roof and tree canopy in front of the main building are a return to nature. The incinerator is an example of decorative postmodernism architecture, which makes an industrial building socially acceptable by introducing a radical aesthetic modification to its utilitarian appearance. The architecture of the waste incinerator has been exposed as a giant work of urban art. Spittelau, with its colours, materials, and decorations reminiscent of Neo-Gothic and Oriental elements, has become a tourist attraction for the city [22]. The plant receives around 250,000 tons of municipal solid waste per year, and 1% of this amount is non-infectious hospital-type municipal waste [24]. The Spittelau incinerator has a relatively low environmental impact due to the installation of high-efficiency flue gas treatment systems, which is involved with the high operating and investment costs of these treatment stages. In addition, the incinerator has a lower environmental risk than landfilling [25].




1.1.2. Amager Bakke, Bjarke Ingels Group, Copenhagen, Denmark


Industrial facilities located in the urban fabric are increasingly drawing attention to their connection with the surrounding city. Typically closed-off to the community, industrial plant spaces can be diminished by offering urban functions and open access to the community, making the factory in the context of the place [26]. Towering over the urban landscape, the Amager Bakke waste-to-energy plant in Copenhagen (Figure 2) was designed by the Danish architect Bjarke Ingalls. The location of the incineration plant features significant urban potential due to its close proximity to a new residential area, the Opera House, and the Queen’s Palace [16]. The facility exemplifies the challenge of sustainability in political and economic global interdependence [27]. Launched in 2017, the waste incinerator was designed with a ski slope integrated into the architecture on the roof of the facility, which engages the community and draws public attention [23]. The attraction drove up the cost and construction effort, while demonstrating the value associated with the urban integration of the site. In addition, the site includes public spaces such as a viewing platform and a café [26]. Moreover, city residents can also enjoy the rooftop climbing walls [16].



The architectural premise is complex due to the external expression, which requires a suitable shape for the double curved ski slope. At the same time, the complex shape had to meet the internal machinery requirements of the waste incinerator. The resulting complex structure was built using steel as the supporting material [28]. This state-of-the-art incineration plant is grate-fired (1680 tons per day) and burns domestic and industrial waste at average temperatures of 1025 °C [29]. Amager Bakke only accepts waste that cannot be recycled, which is good for both the environment and climate. Two identical incinerators in the facility have a capacity of 25–42 tons of waste per hour, and each ton of waste produces 0.8 MWh of electricity and 2.7 MWh of district heat. Purified smoke enters the Amager Bakke’s chimney, which earlier passed through a measuring station that continuously records the pollutant content and compliance with the environmental requirements [30].




1.1.3. Roskilde Incineration Plant, Erick van Egeraat, Roskilde, Denmark


The high level of incinerator architecture makes the community feel safe and comfortable. An example of such incinerator is the Roskilde Incineration Plant in Denmark [31] (Figure 3). The facade of the Roskilde Incineration Plant was designed by Erick van Egeraat, who interpreted the layout of the chimney in relation to the buildings in a sculptural way. The architecture is characterised by fragmented lines and recalls the nearby 13th century UNESCO-listed cathedral. The concept of the premise contrasts with the “form follows function” approach, as the façade is an independent part of architecture that proposes a solution to the integration of industrial architecture by obscuring it with a socially acceptable façade. The raw aluminium umber-coloured cladding with perforated openings wraps the monolithic block, creating its new identity [22]. A distinctive feature of the building is the laser-cut circular holes in the façade. Hidden interior lights illuminate the aluminium tower at night, symbolising the combustion taking place within it. Such a creative approach turns an undistinguished industrial building into a local landmark and it becomes an ornament to its surroundings [32].






2. Materials and Methods


As a result of preliminary research, the subject, territory, and time frame were outlined, and the methodology and research concept were established. The subject of the study are waste incineration plants. The territorial scope was limited to Poland. The study covered 8 completed waste incineration plants located in: Bialystok, Bydgoszcz, Konin, Krakow, Poznan, Rzeszow, Szczecin, and Warsaw. The time scope was limited to the 21st century, and historical solutions from the 20th century that do not meet modern requirements were not included in the study. Neither did the research cover buildings under construction or those which are planned to be constructed. The following methods were used: literature analysis and criticism, observation without intervention, cause–effect method, statistical method, case study, and the intuitive method based on authors’ personal experience. The intuitive method was the basis for undertaking the scientific study of the problem. The above methods allowed us to compare waste incineration plants located in Poland in the context of the stated objective.



The research was conducted in the following stages: (1) the analysis of the diagnosed research problem and its critique in the light of previous research, (2) literature studies to clarify the research dispositions, (3) the definition of the research methodology and tools, (4) the selection of existing and planned waste incineration plants in Poland, subject to selection due to the availability of space and research materials; as a minimum: (i) a scientific, popular science or popular description of the object, (ii) the possibility of site visits, available photographic material, or publicly available photographic material outside copyright protection, (iii) resources of public statistics; despite the incomplete background material, a decision was made to study all the sites realised in Poland, (5) a comparative study of the selected waste incineration plants targeting three problem areas described as: (i) the architectural quality, (ii) ecological solutions, (iii) and educational message, (6) the analyses of the materials and classification of research material, (7) the development of preliminary research results, critical evaluation of the course of own research, and written elaboration of results, and (8) the development of final research results. The starting materials for comparative research in the three problem areas (architectural quality, ecological solutions, and educational message) permeate each other, hence there are difficulties in their unambiguous separation.



The aim of the study is to demonstrate the relationship between architectural quality and care for the natural environment through the technological solutions applied. The posed research question is: are the ecological solutions applied linked to the architectural quality? The indirect aim of the study is to create environmental awareness and sensitivity in the context of differentiated solutions for the transformation of municipal waste.



2.1. Methods and Starting Materials for Comparative Study of Architectural Quality


The cause-and-effect method was used to determine to what extent architectural assumptions and attention to artistic and material solutions influence the final parameters of the facility, taking into account the relation of the incineration plant to its surroundings. In contemporary architecture, it is difficult to talk about styles; designers and participants in the discourse avoid clear-cut definitions and assignments to an unambiguously defined style. The formal and functional expectations of users vary, and thus the architectural language varies. Past historical periods tended to have a consistent definition of beauty for the era [33], now there are many variations of the term. Successive generations of architects–creators created their own architectural language and their own definitions, as Konrad Kucza-Kuczynski writes quoting Mark Leykam: “for a different scale, for different assumptions, for different societies” [34]. At present, discussions in the area of naming and specifying the styles of past eras are still unfinished, making it increasingly difficult to define and introduce terminology for contemporary architecture. Therefore, the terms trends and currents are used more often than styles. Several main ones can be identified in the field of contemporary high architecture and many varieties of popular architecture, from minimalism to expressive expressionism [35,36], often in connection with ecological solutions. Nowadays, many pro-environmental trends can be distinguished, of which three seem to be the most popular: ecological architecture, bioclimatic architecture, and sustainable architecture [37]. Ecological architecture is characterised by a form dependent on the requirements of an energy-saving design, implemented with respect to the natural environment. Structural, formal, and functional solutions are used to ensure maximum comfort at a minimum environmental cost, as well as to optimise the use of daylight and natural ventilation. Formal solutions are characterised by blending the building into the landscape [38], opening up the internal space to the surroundings, and using solutions that increase the user’s contact with nature. Important in green buildings is the use of renewable energy sources (RES). The educational message, i.e., the ecological message developed through architecture, is very important. Bioclimatic architecture is characterised by adapting the building to local climatic and biological conditions and respecting the socio-cultural context. Three priority problem areas have been identified in sustainable architecture: ecology, economy, and society. These aspects interpenetrate each other, but also differ in their definitions depending on the characteristics of the site and building, and the views of the author [39,40,41,42]. In contemporary design, the importance of solutions integrating forms of greenery with architecture is increasing; in addition to their environmental and technical roles, their social and cultural ranks are growing. In the context of the above analyses, the postulate to develop waste incineration facilities in harmony with the natural environment seems obvious. Closely related to the above is the criterion of contextuality, whether a waste incineration plant considers the broad context of the place or represents acontextual architecture.




2.2. Methods and Starting Materials for Comparative Environmental Studies


The issues were narrowed down by defining a limited number of variables characterising the waste incineration plants under study in the context of the stated research objectives. Using mathematical and computational methods, the relationships between the architectural solutions and the achievable parameters of incineration plants were investigated, taking into account the proportion of waste treated and the thermal and electrical energy generated (Figure 4a–d and Table 1).



On the basis of the characteristic parameters of individual incineration plants, the relationship between the amount of incinerated waste and the number of inhabitants was compared, as well as the relation of the incinerated waste to the generated heat and power. Most of the analysed plants are located in large urban centres, with the exception of the city of Konin, which is the least populous of the analysed cases. This is reflected in graph b, where the ratio of waste treated per capita in Konin is the highest, while in other cases, the values are much lower as the incineration plants serve more populous cities (Figure 4b). When comparing the generated profits in the form of heat and electricity in relation to the assumed capacity, the incineration plants in Krakow and Poznan are the most efficient in this respect, the incineration plant in Warsaw being the next most efficient in terms of the heat energy generated (Figure 4c). In this case, this is not reflected in the form of the electricity generated; this may be due to the ongoing construction works which aim to expand the incineration plant (Figure 4d).




2.3. Methods and Starting Materials for Comparative Studies of Educational Message


When analysing waste incineration plants, special attention should be drawn to the educational message, which is the pro-environmental message developed through architecture. In the case of industrial facilities, waste incineration plants being such, it is important to demonstrate and communicate to the community the idea of striving to transform the space from a selfish ecosystem into a responsible ecosystem, i.e., one whose functioning poses as little burden as possible on other ecosystems functioning on Earth [44].



The educational message of architecture is directly related to and dependent on the personal factors of the architecture user. The influence of human attitudes on the effectiveness of activities has been the subject of interdisciplinary research for years [45]. Important in this focus is the research of E. Scott Geller, a behavioural psychologist and the creator of the idea of Actively Caring, who indicated the factors shaping behaviour towards environmental protection and the interrelation of behaviour-based psychology (BBP) and person-based psychology (PBP). PBP defines the states and/or expectations that motivate people to be active in the context of caring for the environment, while BBP identifies tools for changing behaviour and attitudes. Geller defined the personal factors influencing the development of an active environmental attitude: self-esteem, a sense of belonging, a sense of self-efficacy, self-control, and optimism [46].



The starting materials were publicly available materials on educational messages, including educational pathways.





3. Results


The above methods were used in a comparative assessment of waste incinerators in Poland in three problem areas: (i) architectural quality, (ii) environmental solutions, and (iii) educational message.



3.1. Architectural Quality of Waste Incineration Plants in Poland


First, each location was examined in an urban context, assuming a subdivision into: (i) urban, (ii) suburban, and (iii) peripheral locations. Of the eight waste incineration plants operating in Poland, one has an urban location, four have a suburban location, and three have a peripheral location (Figure 5 and Table 2).



The next stage examined how the site fits into the existing context of the place with a focus on the natural context. Architectural and formal solutions were analysed; in the case of incineration plants, the technological solutions associated with the thermal waste treatment process have a significant impact. Three sites stand out in the context studied. (i) The waste incineration plant in Krakow is characterised by an architectural form blended in the surrounding natural landscape. The object was selected through an architectural competition (design: MANUFAKTURA NR 1 (architect Bogusław Wowrzeczka), Teller Architekci (architect Michał Teller), Łapiński Architekci (architect Filip Łapiński), and Prochem (architect Jakub Baczyński)), which translates into high-quality architecture and formal solutions distinguishing the object from typical industrial architecture. (ii) The waste incineration plant in Warsaw is characterised by formal solutions integrated with green forms. The object is located in an urban development with dominant industrial and residential functions; the combustion softened by greenery does not give the impression of dominance and softly fits into the context of the place. (iii) The waste incineration plant in Rzeszow is characterised by high-quality formal solutions typical for industrial architecture. The remaining surveyed facilities are located without an in-depth analysis of the architectural solutions in their locations and do not harmonise with the landscape. They are characterised by solutions typical of industrial architecture and do not stand out from other facilities with a similar function (Table 2).




3.2. Environmental Solutions of Waste Incineration Plants in Poland


In the following stage, the environmental solutions of the plants in question were examined (Table 2). The production of electricity and heat through an energy recovery from flue gases, referred to as green energy, was not included as a criterion. The production of electricity and heat is related to modern technologies and the requirements for waste incineration plants; this is implemented in all the plants studied. The process takes place by transferring heat from flue gas to water directed to the boiler in heat exchangers and turning it into steam at high temperatures. This steam first drives a turbine that transfers mechanical energy to an electric generator. It then enters the heat exchanger via the generator’s bleed and heats the water or steam that forms the energy carrier in the district heating network. Thermal energy can also be obtained by using flue gas condensation systems and heat pumps [47,48]. Of the eight facilities studied, only three used renewable energy sources, in Krakow, Rzeszow, and Warsaw. Exposed photovoltaic panels were used in only three cases.




3.3. Educational Message of Waste Incineration Plants in Poland


Educational activities in the form of lectures and opportunities to visit the facilities for different age groups in accessible spaces are performed in all surveyed plants (Table 2). The range of content varies and aims to raise awareness of the role of the waste management systems’ operation. Visitors have the opportunity to observe technological processes, including the import and unloading of waste into the bunker, and the thermal conversion of municipal waste. They are introduced to the problems and solutions of flue gas cleaning, electricity and heat generation, and process waste management.



The effectiveness of the educational message was examined in conjunction with the competences identified as future priorities in the educational process: cooperation (interacting and responding to the actions of others), emotional intelligence (understanding and responding to people’s emotions and needs), critical thinking (seeing multiple points of view and analysing the strengths and weaknesses of different ideas), cognitive flexibility (multi-directional thinking and realising multi-faceted challenges), problem solving (dealing with complex problems in real-life situations), and technical and digital competence (using technology to solve problems and find information) [49].



The results of the research carried out in accordance with the objective in the defined problem areas were described in points and are presented in Figure 6. The evaluation of the fulfilment of the criterion consists of assigning a logical value of “yes” (1 point) or “no” (0 points) with the maximum possible number of points being six. The highest number of points (6) according to the adopted criteria was given to the waste incineration plant in Warsaw. It was positively evaluated in all areas examined: fitting the facility into the landscape, opening up the internal space to the surroundings, the use of forms of greenery integrated with the architecture, maximising the user’s contact with nature, the use of renewable energy sources, and the educational message. Another positively rated object is the waste incineration plant in Krakow, which was positively rated in five of the areas examined: fitting the facility into the landscape, opening up the internal space to the surroundings, maximising the user’s contact with nature, the use of renewable energy sources, and the educational message. The waste incineration plant in Rzeszow was also rated positively in four of the areas examined: fitting the plant into the landscape, opening up the internal space to the surroundings, the use of renewable energy sources, and the educational message. The remaining analysed waste incineration plants demonstrate the fulfilment of only one criterion, the educational message; they do not demonstrate solutions in the other assumed criteria, i.e., fitting the facility into the landscape, opening up the internal space to the surroundings, the use of forms of greenery integrated with architecture, the maximisation of the user’s contact with nature, and the use of renewable energy sources.





4. Discussion


In 2004, when Poland became an EU member, it committed itself to the implementation of European legal regulations related to environmental protection, including waste management [50,51]. However, the process of transforming national policies and adjusting local regulations has taken a long time, and only recently a shift from landfill systems towards new technologies such as WfE has taken place. Currently, apart from the modern WfE described in the article, another eight facilities are planned, which will have a capacity greater than or comparable to 100,000 Mg per year (in Koszalin, Gdansk, Olsztyn, Lodz, Radom, Chrzanow, Tarnow, and Katowice) [52]. The best-known and most awarded in architectural and educational categories is the CopenHill/Amager Bakke incinerator in Copenhagen by the Bjarke Ingels Group (BIG). The facility operates in the waste-to-energy (WtE) system, where it processes approx. 440,000 tons of waste annually, providing heat for over 150,000 households and electricity for over 60,000 apartments. The investment is part of Copenhagen’s broad strategy to become carbon neutral by 2025. The facility is designed with meticulous attention to the landscape, perfectly fitting into it. Worth noting is the use of functional, material, and formal solutions that aim to blend the building with nature as much as possible, e.g., by using a 10,000 m2 green roof with utility functions, which in turn allows for a larger contact of man with nature. The rich functional program, where apart from the base incineration plant being also a sports (400 m of ski slope) and educational facility, makes it an important point in the city’s landscape. Notable are the technological issues related to solid waste incineration with the carbon capture and storage (CCS) method used here, which is a solution that allows, when burning about 600,000 tons of waste per year, to reduce the CO2 emissions from fossil fuels to 40 kg of CO2 per ton of combusted CO2 and the storage of 530 kg of biogenic CO2 per ton of incinerated waste [53,54,55]. Worth emphasising are the technologies used in the facility, such as grate boiler combustion, to ensure a high and stable operation availability, front-end SCR technology—to clean NOx at an over 95% efficiency—wet flue gas cleaning, to minimise their environmental impact, flue gas condensation and heat pumps to ensure a high thermal efficiency, high vapour parameters—to ensure a high electrical efficiency—a common steam turbine with no gearbox between the turbine and generator, the preparation of a low pressure turbine to ensure a maximum power generation, and flexible heating coupling to ensure the maximum heat sales to utilities [56]. The Danish incineration plant is one of the largest in Europe; so far, none of the Polish projects have obtained such an efficiency [52].



Another interesting Danish example of an innovative waste-to-energy incineration plant is the Roskilde project designed by Erick van Egeraat, the Incineration Line. The building has a very modern form, matching the colours of the façade with the industrial character of the city. The roof was formed as to match the proportions of the neighbouring factories. The incinerator powers about 40,000 households and processes around 350,000 tons of waste. It is a modern building using renewable energy sources, operating with selective catalytic reduction (SCR) technology, grate boiler combustion, wet flue gas cleaning, and flue gas condensation and heat pumps to ensure a high thermal efficiency [56]. Both objects have a landscape aspect in common. In the case of CopenHill, this means fitting into the layout of the existing surroundings while maintaining the dominant form imposed by the facility technology. In the case of the Incineration Line, where the building is also a dominant feature in the local landscape, its form, apart from being inspired by the neighbourhood, refers to the shape of a mountain [57,58].



A landscape form combining both effects of slope and dominance has an incinerator commissioned in 2017 on the Poolberg peninsula in Dublin, Ireland. The facility processes approximately 500,000 tons of non-recyclable waste, which generates approximately 1.5 million MWh per year and provides energy to approximately 50,000 households per year. The building is geared towards reusing ash and metal from incineration, with 90% of waste being disposed of. Despite the attractive form adapted to the surroundings and the use of waste-to-clean technology, the facility raises controversies related to its functioning [59].



An extremely characteristic object is the Spittelau waste incinerator in Vienna (Figure 1). The architecture of this building is typical of its designer Friedensreich Hundertwasser. The waste incineration plant in Spittelau supplies more than 60,000 households with environmentally friendly district heating and almost 50,000 households with electricity annually, and processes around 250,000 tons of non-recyclable waste. The original facility was built in the 1970s; in 2015, a comprehensive modernisation was carried out and the building was adapted to modern requirements related to environmental and climate protection. Besides burning waste, the Spittelau area offers other functions for the Viennese residents. Since 2009, a cooling centre has been located on this site, which Wien Energie uses to provide environmentally friendly cooling. A district cooling capacity of 17 MW corresponds to approximately 4860 conventional air-conditioning units. A power plant is also currently under construction. Out of 0.63 tons of waste per capita, 23% is recycled, 11% is composted, 63% is incinerated, and less than 3% is landfilled thanks to the operation of the incinerator. Vienna draws 25% of its heat from the district heating network in Spittelau. The building is equipped with modern technologies and uses recycling, aerobic, and anaerobic composting, three grate combustion WtE plants, and an RDF (refuse-derived fuel) fluidised bed incinerator [60,61]. The building is one of the most characteristic buildings of the Austrian capital. Despite the fact that it stands out in the city landscape, its form is of great artistic value and an important landmark in the urban structure of Vienna. The building is designed in a way that is integrated with nature through the use of partially green roofs and terraces. The facility is of educational importance for historical and landscape reasons and because of the latest technological solutions related with the circular economy [61]. The efficiency of the Roskilde and Vienna incineration plants is similar to the capacity of the largest incineration plant in Poland described in the study, which is in in Warsaw.



An interesting example of a very modern technological extension is the incineration plant in Brescia, Italy. The WtE in Brescia serves a population of 0.19 million, with two MSW lines in operation since 1998 and one dedicated biomass line added in 2004. It supplies a total of 568 kW/h of heat (nearly 40% of the annual heating energy supplied to the Brescia network). In 2008, the incineration plant produced electricity for 190,000 families and heat for 50,000 homes. At the same time, it saved 150,000 ton. The Brescia plant, one of the newest in the EU, was accredited in 2006 by the Global Waste to Energy Research and Technology Council (WTERT) as the best WtE facility in the world. Currently, the building is being modernised and adapted to the needs of the latest technologies related to the circular economy. The composition of the building fits into the landscape with its form, due to the emphasis on the natural relief of the land. It is a local dominant. The implementation lacks natural elements more directly related to the body of the building. The incinerator in Brescia offers an educational program related to the possibility of organising lectures and presentations of technologies used in the building [62,63,64]. Most Polish WfEs have a much lower capacity compared to the leading European incineration plants, but the planned development strategy related to the policy of increasing the number of such facilities in the country gives an opportunity to improve the current situation [65,66,67].



Cities that win plebiscites related to choosing the best one to live in usually have an orderly and modern system related to waste disposal and renewable energy. An example of the application of system solutions related to the entire urban infrastructure is Munich. This metropolis, with about 1.4 million inhabitants, has an integrated energy production system based on 70 different power plants supplying the city with energy from geothermal installations, wind power plants and a system of photovoltaic fields, and five incineration plants. Thanks to extensive social campaigns and the city’s strong commitment to a very consistent policy related to the circular economy, only 0.46 tons of municipal waste per capita were recorded. Of this amount of waste, 44% is recycled, 6% is composted, 49% is incinerated, and only 1%, consisting of inorganic waste, ends up in landfills. Energy recovery in Munich is one of the highest on record: 0.41 MWh of electricity plus 2.57 MWh of district heat per ton of MSW burned. According to data from 2009, 653,273 tons of MSW were burned, and energy sales amounted to 131,514 MWh/a of electricity and 744,772 MWh/a of district heat [68,69,70,71].




5. Conclusions


The results of the presented research allowed us to answer the research question posed: are the applied pro-environmental solutions correlated with architectural quality? We thus realised the set research objective by formulating the following conclusions:




	
Waste incineration plants operating in Poland show a relationship between architectural quality and broadly understood pro-environmental solutions. However, the conclusion in this problem area is statistically unfavourable, as the assessment is positive in the case of three incineration plants and negative in the case of five incineration plants, which did not show positive solutions in terms of fitting the facility into the landscape, opening the internal space to the surroundings, using forms of greenery integrated with architecture, maximising the user’s contact with nature, and using renewable energy sources.



	
All waste incineration plants operating in Poland demonstrate educational solutions that support the creation of environmental awareness and sensitivity in the context of diverse solutions for municipal waste transformation.








Very important in the context of shaping industrial architecture, here the architecture of waste incineration plants is ecological safety and adaptation measures for areas sensitive to climate change. The subjective sense of safety is as important as objective safety. There are no universal solutions; each site requires pre-designed research and creativity in the design process [72,73,74]. The research shows that the architectural quality, applied ecological solutions, and education in the field of municipal solid waste (MSW) combustion technologies significantly affect the perception of the waste incineration plant by the local community [75].



The municipal waste incineration process produces secondary waste: slag and fly ash, dust from filter cake dusting, and others. Slag accounts for about 25% of the incinerated waste and ash accounts for about 7.5%. Slag, after appropriate treatment, becomes an environmentally inert material and can be used economically, e.g., as construction aggregate in road construction. In the case of ash, the primary management method is storage (as hazardous waste—e.g., in mine workings). However, there are opportunities to process it to change its characteristics and enable economic use [43,47,48,76,77]. Modern waste incineration plants are characterised by increasing environmental concerns and, although being widely used, their activity remains controversial. The criticism focuses on pointing out the negative impact of using incineration over the use of other more efficient and cheaper methods of waste disposal; incineration, however, is simpler and quicker than recycling or composting.



Waste-to-energy (WtE) technologies should be used in the case of waste that cannot be reused or recycled, including part of municipal solid waste (MSW). Research in the field of modern combustion and MSW gasification technologies focuses on the environmental consequences of electricity and heat production from MSW combustion, indicating progress in the field of less invasive technologies [78]. Danger for the environment may also result from an improper operation in terms of the applied technologies. Operational errors can result in both environmental and economic costs [79].



Alternatives to MSW incineration include recycling or, in the case of organic waste, composting [80,81,82]. These methods should be considered first because they are less harmful to the environment. Compared to landfilling and incineration, recycling and composting do not release toxic elements and pollutants that contaminate the air, water, and soil [83,84]. The recycling strategy is to process materials to obtain the same or lower quality, which means a useful application of materials, which is a departure point in increasing circularity [85,86]. Other circular economy (CE) strategies include recovery (energy recovery during incarnation), reuse (product lifespan extension), and reduction (efficiency increase or lower consumption of natural resources) [87]. Recycling is an effective way of managing waste [88,89]. However, its efficiency depends on the socioeconomic policy of a country or municipality [84]. On household scale, the following materials may be collected separately and then some of them may be recycled: glass bottles and containers; plastic bottles and containers; aluminium, tin, and steel cans; paper and cardboard; batteries; pharmaceuticals and medicines; food waste; and garden waste. In order to achieve efficiency, waste collection services should include door-to-door collection; drop-off centres or containers; and a return with refund to the retailer or manufacturer [90].



Additionally, food and garden waste can be composted [91]. Composting is the biological decomposition of organic matter under controlled aerobic conditions to form a stable, humus-like end product that can be used for plant growth [92]. In this biological process, heat is generated and organic matter is transformed by using a diverse population of microorganisms [93]. Thermophilic aerobic composting gives an opportunity to reduce the amount of biodegradable municipal waste. However, there are significant concerns about the quality of compost from MSW, such as a contamination with solids (glass shards and plastic fragments) and chemical or biological contamination [93,94]. Thus, the composting method needs to be optimised to gain high compost maturity, on which its quality depends [95]. Both composting and recycling are embedded in the CE paradigm [87,96,97,98,99,100]. Compost can be also used in the remediation and regeneration of contaminated and post-industrial sites [93]. These methods should be considered first in MSW management. Nevertheless, a significant correlation between socioeconomic foundations and waste recycling has been recognised [84]. Therefore, their effectiveness requires a profound system transformation.
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Figure 1. Spittelau Incinerator Plant [author: C.Stadler/Bwag, licence: CC BY-SA 4.0 Available online: https://upload.wikimedia.org/wikipedia/commons/thumb/e/ea/Spittelau_%28Wien%29_-_M%C3%BCllverbrennungsanlage_%281%29.JPG/800px-Spittelau_%28Wien%29_-_M%C3%BCllverbrennungsanlage_%281%29.JPG, (accessed on 15 December 2022)]. 






Figure 1. Spittelau Incinerator Plant [author: C.Stadler/Bwag, licence: CC BY-SA 4.0 Available online: https://upload.wikimedia.org/wikipedia/commons/thumb/e/ea/Spittelau_%28Wien%29_-_M%C3%BCllverbrennungsanlage_%281%29.JPG/800px-Spittelau_%28Wien%29_-_M%C3%BCllverbrennungsanlage_%281%29.JPG, (accessed on 15 December 2022)].
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Figure 2. Amager Bakke [author: Cabstarcz, licence: CC BY-SA 4.0, Available online: https://upload.wikimedia.org/wikipedia/commons/6/6e/COPENHILL.jpg, (accessed on 15 December 2022)]. 
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Figure 3. Incineration Line in Roskilde [author: Jonas Jensen, licence: CC BY-NC-SA 2.0, Available online: https://www.flickr.com/photos/131236841@N03/25189217143/, accessed on 15 December 2022]. 
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Figure 4. (a) annual capacity of particular incineration plants, (b) amount of waste incinerated per capita, (c) ratio of heat produced to capacity, (d) ratio of electricity produced to capacity. Source: author’s study. Available online: https://stat.gov.pl/obszary-tematyczne/ludnosc/ludnosc/powierzchnia-i-ludnosc-w-przekroju-terytorialnym-w-2022-roku,7,19.html, (accessed on 14 December 2022). 
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Figure 5. Location of waste incineration plants in Poland (percentage share): urban 12%, suburban 50%, peripheral 38%. Source: author’s study. 
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Figure 6. Evaluation of waste incineration plants in Poland. Source: author’s study. 
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Table 1. Summary of characteristic parameters of particular waste incineration plants in Poland [43]. Source: author’s study.
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	Location of Incineration Plant
	Year of Construction
	Annual Capacity (Mg/Year)
	Population
	Amount of Waste Incinerated per Capita
	Performance (Mg/h)
	Generated Heat (MW)
	Ratio of Performance to Heat Generated
	Electricity Generated (MW)
	Ratio of Performance to Electricity Generated





	Bialystok
	2016
	120,000
	293,413
	0.41
	15.50
	17.5
	1.1
	6.1
	0.4



	Bydgoszcz
	2016
	180,000
	334,026
	0.54
	23.00
	27.7
	1.2
	9.2
	0.4



	Konin
	2015
	94,000
	69,069
	1.36
	12.05
	15.5
	1.3
	4.4
	0.4



	Krakow
	2015
	220,000
	802,583
	0.27
	14.10
	35.0
	2.5
	10.7
	0.8



	Poznan
	2017
	210,000
	545,073
	0.39
	13.50
	34.0
	2.5
	15.0
	1.1



	Rzeszow
	2018
	100,000
	196,374
	0.51
	12.50
	16.5
	1.3
	4.6
	0.4



	Szczecin
	2017
	150,000
	394,482
	0.38
	20.00
	32.0
	1.6
	9.4
	0.5



	Warszawa
	2000 (2022 expansion)
	305,200
	1,863,056
	0.16
	5.40
	9.1
	1.7
	1.4
	0.3
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Table 2. Summary of research findings. Source: author’s study.
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Location of Incineration Plant

	
Embedding the Object in the Landscape

	
Opening Up the Interior Space to the Outside World

	
Use of Greenery Forms Integrated into the Architecture

	
Maximising User’s Contact with Nature

	
Use of Renewable Energy Sources

	
Educational Functions

	
Points Scored (Columns 2–7)






	

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	




	
Białystok

	
Peripheral

	
Situated in a wooded area, building does not fit into the existing landscape in terms of form or colour

	
Building does not open up to the outside environment

	
Lack of forms of greenery integrated with architecture

	
Lack of solutions to bring users into contact with nature

	
Lack of renewable energy sources

	
Educational trial

	
1




	
Bydgoszcz

	
Suburban

	
Building attempts to relate to the landscape in which it is set through the colours used, but its form stands out strongly against the surrounding greenery

	
Building does not open up to the outside environment

	
Lack of forms of greenery integrated with architecture

	
Lack of solutions to bring users into contact with nature

	
Lack of renewable energy sources

	
Educational trial

	
1




	
Konin

	
Peripheral

	
Building does not fit in the landscape in which it is located, a typically industrial development

	
Building does not open up to the outside environment

	
Lack of forms of greenery integrated with architecture

	
Lack of solutions to bring users into contact with nature

	
Lack of renewable energy sources

	
Educational trial

	
1




	
Krakow

	
Peripheral

	
Architectural form harmonises with the landscape. It stands out against the background of typical industrial buildings; the colour scheme of the building and the division of its mass into separate sections result that its form does not dominate or overwhelm the space

	
Building opens up to its surroundings through use of glazing on the front façade, providing natural light and a view inside the building

	
Lack of forms of greenery integrated with architecture

	
Green areas on the incinerator site with access for users, planted with tall greenery

	
Photovoltaic installation

	
Educational trial

	
5




	
Poznan

	
Suburban

	
Architectural solutions typical of industrial buildings. Building does not harmonise with the landscape, which lacks similar buildings in the neighbourhood

	
Building does not open up to the outside environment

	
Lack of forms of greenery integrated with architecture

	
Lack of solutions to bring users into contact with nature

	
Lack of renewable energy sources

	
Educational trial

	
1




	
Rzeszow

	
Suburban

	
Building located in close proximity to a major urban centre. Its form is in harmony with the neighbouring industrial buildings, while at the same time being distinguished by architectural treatments unusual for such buildings

	
Building opens up to its surroundings through the use of glazing on the front façade providing natural light and a view inside the building

	
Lack of forms of greenery integrated with architecture

	
Lack of solutions to bring users into contact with nature

	
Photovoltaic installation on the project site

	
Educational trial

	
4




	
Szczecin

	
Suburban

	
A typically industrial building that dominates and does not relate to its surroundings. Random forms and colours dominate

	
Building does not open up to the outside environment

	
Lack of forms of greenery integrated with architecture

	
Lack of solutions to bring users into contact with nature

	
Lack of renewable energy sources

	
Educational trial

	
1




	
Warszawa (undergoing expansion)

	
Urban

	
Building located in the midst of urban, industrial, and residential development. High-quality form and materials, at first glance, do not give the impression of an industrial building

	
Building opens up to the external environment through use of translucent wall cladding

	
Green roofs used on the building.

	
Green roofs with user access are used, the area landscaped with tall and low vegetation

	
Photovoltaic installation on the project site

	
Educational trial

	
6
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