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Abstract

:

Green roofs are nature-based solutions with multiple benefits for the urban environment, but they have specific polymeric components in their structure that cause a carbon footprint. This scoping review highlights the technological advance in reusing or recycling alternative materials in green roof structures worldwide, making them a part of the circular economy (CE), and the search strategies to promote them to find whether there is a relation between them. The data were collected using the Web of Science from 2012 to 2022; we also used the Bibliometrix package to analyse research development by country and the development of the topic by author’s keywords. We selected 68 open-access articles from twenty-four countries and reviewed the grey literature from the top five productive countries on this topic. Our findings show that CE strategies are performed nationally, while the green roof promotion ones are concentrated at the city level. The theme co-occurrence analysis showed that the substrate is the primary layer used with alternative materials, and the three materials most applied for it are rubber, biochar, and hydrogel. It was found that the primary purpose of optimising green roofs with alternative materials is to increase the ecosystem services they provide and indirectly function within the circular economy; still, there is a gap in estimating the environmental impact of doing this as a potential CE activity.
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1. Introduction


In 2015, the 2030 Agenda for Sustainable Development and the sustainable development goals (SDGs) were implemented; they described global issues and targets to be achieved [1,2,3,4]. One of them is “SDG 11. Sustainable Cities and Communities”, which recognises the need to adapt urban areas since this is where the population is projected to grow and will continue to do so, emitting carbon emissions, requiring space, and displacing natural areas at the ground level [5]. The effects are pressure on water resources and the air [1,6], so cities, while essential hubs of activity, can also be unhealthy, fast-paced, and stressful due to traffic, air pollution, and noise.



Aligned with SDG 11 inside these cities, urban green spaces (UGSs), such as parks or urban forests, are part of their green infrastructure (GI), stormwater ponds, rain gardens, green walls, and roofs. All of them provide ecosystem services (ESSs). The ESSs are tangible or intangible benefits people can receive from ecosystems classified into cultural, regulating, provisioning, and supporting services [7] such as climate regulation, habitats for biodiversity, and water and atmospheric pollution reduction [8,9].



The GI provides essential ESSs, fostering a healthy urban environment for wildlife and humans and contributing to social and economic benefits [10]. That is why they are valued as safe places in which citizens can socialise, potentially strengthen community bonds, and engage in relaxation activities that can improve mental and physical health [11]. The correlation between the quantity of green space and the perception of health further underscores the significance of integrating nature into urban landscapes [12].



Therefore, UGSs, whether public or private, contribute to society’s improvement. This impact aligns with the need to preserve the natural environment within cities, emphasising the importance of sustainable urban development in urban planning [8]. To address the current environmental challenges, nature-baseds (NbSs), rooted in biodiversity processes, have gained prominence [9]; green roofs are one example and are also a form of UGS.



Green roofs are near-natural systems composed of different vegetation, substrate, and other functional layers with varying vegetation distributions. There are two main types of green roofs: intensive and extensive. Their main difference lies in the green roof structure’s thickness, the roof surface’s associated load-bearing capacity, and the effort required to maintain the vegetation [13,14,15]. The intensive type is comparable to a ground-level garden or park and requires a higher substrate layer to support trees or shrubs. In contrast, the extensive type can cope with a lower substrate thickness for plants and requires only low maintenance [16]. For them, it is suggested that native plants be used to promote biodiversity [17,18,19,20].



Regardless of the type, the green roofs’ structure involves functional layers: waterproof, anti-root, and membrane, which prevent water and roots from penetrating the building [15,16,17]. Next, there are the substrates that give nutrients to the vegetation [13].



Green roofs are an induced ecosystem in the city landscape created by a mix of disciplines such as biology, engineering, and architecture [21]. So they offer a multitude of ESSs ranging from aesthetic value to climate change adaptation, including air purification, provision of habitat and food for wildlife, rainwater storage, and carbon sequestration [7,22,23,24]. So green roofs have emerged as ecological compensation measures in settlement areas and are seen as a technique for adapting to climate change and reducing its effects in cities, with some countries, like Switzerland, mandating their implementation through building regulations [25,26]. This integration aims to address some environmental problems by taking advantage of unused city space to promote biodiversity, enhance the overall quality of urban life and adapt the cities to climate change.



Despite these benefits, an environmental dilemma exists concerning the materials used in green roof construction. Life cycle analyses (LCAs) reveal the existence of an ecological footprint for materials like polyethene and polystyrene used in them. However, the inherent properties of green roofs, such as CO2 reduction and temperature regulation, highlight their potential as carbon sinks [27]. There is a growing focus on the LCA results and the exploration of alternative materials, emphasising the historical use of natural local materials and the shift towards a circular economy with recycled or reused materials [28,29,30].



The circular economy (CE) has risen as an approach to optimise resource utilisation and reduce environmental strain [31], as it prioritises redesigning processes and promotes material recycling to foster more sustainable business models [28]. The global principles of the circular economy encompass industrial symbiosis, extended product lifespans, and global recycling networks [32]. These principles also advocate using renewable energy sources, reducing production waste, minimising food waste, and enhancing quality of life across all societal segments [33]. Furthermore, they include energy conservation, regenerative and environmentally friendly consumption and production, and a shift towards sustainable practices [34]. Innovation within the circular economy can be driven by collaboration, experimentation, and displays to maximise material resources and minimise waste [35].



For this scoping review, we considered three mains CE principles: The first is to eliminate waste and pollution, which challenges the traditional linear model of production and consumption. The second principle revolves around circular products and materials: designing with longevity and recyclability. The third is regenerating nature, while recognising the interconnectedness between human activity and the environment [29,30].



Figure 1 shows the interconnection between these concepts, starting with a Venn diagram that includes the CE as an economic framework and the LCA as a methodological tool. Both aim to ensure that ecological sources such as NbSs and GI are efficient and sustainable, delivering ESSs by implementing diverse practices in cities; in this study, we show green roofs as a part of the UGSs.



In previous review studies, various aspects of green roofs have been examined. These include their economic viability and the range of ESSs they provide [36,37,38], such as their capacity to remove atmospheric pollutants [39] and their role within GI for improving environmental temperature [15]. Likewise, green roofs have been studied as tools for stormwater management [40,41], for fostering fauna [42], and for determining suitable vegetation [43].



Additionally, some studies have explored public policies that promote GI [44] and its evolution as a sustainable urban practice [19,45,46]. This review’s novelty lies in its objective to analyse the latest research on technological advancements in alternative materials for green roof construction and classify them to determine their relevance within the CE context and investigate whether there are any trends in the way that these tools aiming to help the urban environment are promoted through public policy strategies around the world.




2. Materials and Methods


2.1. Information Source


This paper explores the utilisation of alternative materials, potentially recycled or reused, in contemporary green roof structures through a historical review of the literature published between 2012 and 2022. The bias in this scoping review is addressed by focusing on the quality of the included studies by an approach that involved compiling open-access research articles in English that examined experimental green roofs, including prototypes tested in controlled environments or outdoor settings using alternative materials compared to conventional ones. The final selection was completed in January 2023 using the Web of Science (WoS) database by Clarivate Analytics.



WoS covers and includes content from peer-reviewed sources, offering advanced search and filtering options that allow researchers to tailor their queries precisely. This is valuable for systematic reviews and bibliometric analyses, enabling researchers to focus on specific keywords, topics, and criteria relevant to their study objectives. These search functionalities contribute to the literature-retrieval process, ensuring the selected articles align closely with the research focus.



To create a comprehensive understanding of the subject matter, this literature review was complemented by examining public policies from the grey literature regarding the promotion of green roofs and the CE in the leading countries.




2.2. Search Method


This review focuses on exploring and analysing the alternative materials used in green roof structures and linking them through some CE activities, such as reuse or recycling. The method used was the PRISMA model (preferred reporting items for systematic reviews and meta-analyses) [47] for the identification, selection, eligibility, and inclusion of articles. The inclusion criteria in Figure 2 guided the screening process and included titles, abstracts, author keywords, and full text.



The search string used in the WoS database employed author keywords. The primary keyword “green roof” was used in conjunction with the Boolean operator “AND” to include the ten following additional terms shown in Figure 2. We used author keywords mainly to provide insights into the publication panorama, allowing us to enhance the search and review process by ensuring that the studies identified and included were aligned with the scope of this study.



This review used the Bibliometrix package in RStudio, facilitating bibliometric research. It allows for exploring correlations among working groups, author productivity, production over time by countries, and developed topics based on established keywords; for this scoping review, we generated figures for these last two. According to the PRISMA method, the results of this review still need to be saved on a registered.



Once the articles were retrieved, they were categorised and analysed to establish the type of alternative material most used, the green roof layer, the primary outcomes, and the relation to the circular economy. To demonstrate that the optimisation of green roofs by employing alternative materials within their structure is part of the circular economy, six subprinciples were defined to link it in each study:




	
Recycling and reuse generally minimises waste generation and maximises resource efficiency [28,29].



	
The recycling of construction materials offers an opportunity to divert waste from landfills and reduce the environmental footprint [30].



	
Developing new materials from waste contributes to resource conservation and environmental sustainability [48].



	
Selecting durable materials and employing appropriate maintenance practices extends their useful life, enhancing longevity and performance [33,49].



	
Recovering agricultural organic waste closes nutrient loops and promotes resource efficiency [50,51].










3. Results and Discussion


3.1. Literature Development


This study discovered and examined sixty-eight open-access articles published over a decade. This collection provides a broad view of modern trends and different fields of investigation related to using alternative materials to improve green roofs that we consider to be used in the CE of twenty-seven countries worldwide. Figure 3 shows the patterns at a continent level in green roof research with alternative materials. With ten productive countries, Europe was the most significant contributor, accounting for 47.06% of the articles. The remaining articles came from Asia (35.29%), America (14.71%) and Ocenia (2.94%).



Figure 4 displays the geographic dimensions of whether the research was a single-country publication (SCP) or a multiple-country publication (MCP) to contributions and collaborations within the top ten most productive countries. China had the highest number of articles overall, with 78.6% produced by authors from this country. Second place went to Spain; all its publications were national, indicating an absence of international collaboration. The third country was the USA, with only 17% of its total being MCPs. Poland, Portugal, the United Kingdom, Italy, and Belgium had no international collaborations, whereas Australia stood out with two MCPs. In general, we observed a tendency towards SCP research, with 90% of countries working with it, and for those who collaborated for an MCP, their production was low.




3.2. Strategies to Promote Circular Economy and Green Roofs


The introduction of circular economy practices, mainly through the optimisation of green roofs using alternative materials, has emerged as a significant global trend and has yet to be learned or labelled by its practitioners. So this section reviews the CE and green roof strategies adopted by the five leading countries in Figure 4 to find whether these concepts are linked or supported concerning each one’s drive.



Portugal has its own “Circular Economy Action Plan” with seven goals formed from various actions, such as extending producer responsibility and incentivising or educating for a circular market. All of these are to achieve carbon neutrality and foster a resource-efficient and productive economy, emphasising investigation and innovation research and development in different proposals to accomplish this and reduce waste and pollution [52,53,54]. On the green roof subject, currently, Portugal has a technical guide, and standardisation systems in design and construction are supported by the Portuguese National Association of Green Roofs to transition towards green infrastructure [55] and for its addition to diverse architectural projects [56]. Additionally, the government has promoted private investment in NbSs to revitalise the economy post-COVID-19 [57]. The country also participates in the Environmental Fund programme, offering financial incentives for sustainable buildings, often requiring a certain green roof coverage percentage [57].



Poland’s roadmap towards the transition to the CE is a strategic plan designed to reshape the nation’s financial market [58,59]; it prioritises sustainable industrial production, sustainable consumption, bioeconomy, new business models, and its implementation, monitoring, and financing [60,61]. The CE in Poland involves creating a legal framework, training specialists, and implementing financing projects to support its development [62]. As for green roofs in Poland, they have two national programmes that include them in their strategies. The first, “My Water”, aims to promote solutions for collecting, retaining, and using rainwater and snowmelt, offering a subsidy for a grant of up to USD 900, covering up to 80% of installation costs [63]. The second programme, “Family Allotment Gardens”, includes funding for green roofs, covering up to 30% of total project costs. Besides this, around ten local authorities also offer economic incentives for establishing green roofs or living walls through property tax reductions or subsidies [63].



The USA is a leader in GHG emissions, so its federal government has recognised the need to begin and adopt CE practices with national strategies such as an organics recycling system, reducing food waste, and preventing plastic pollution [64]. As for green roofs, various American cities have implemented robust mandates and programmes to promote them and sustainability in tandem with these efforts. Nine cities have mandates: Chicago (Illinois), Denver (Colorado), Devens (Massachusetts), Fife (Washington), New York City (New York), Portland (Oregon), San Francisco (California), Seattle (Washington), and Washington, DC. Among these, five also manage incentives: Chicago, New York, Portland, Seattle, and Washington DC. Of the 17 cities that promote green roofs, 6 offer savings with financing costs (SWFCs), 7 provide density or building area bonuses, 5 grant subsidies, 3 offer credits, 2 provide discounts, and 1 includes administration in its policies [65].



As for Spain, they have introduced the “Circular Spain 2030” strategy, which aims to promote a new model of production and consumption [66] prioritising environmental protection, proactive measures, and decarbonisation to combat climate change, focusing on resource efficiency and competitiveness [67]. Concerning the adoption of green roofs, major cities such as Madrid and Barcelona have adopted the guidelines NTJ 11C Green Roof Technology Standards [68]. At the city level, some programmes promote their implementation. In Madrid, for example, green roofs cover 144,601 m2, with the “Madrid Rehabilitation Plan 2023” offering subsidies for their construction [69]. “Barcelona’s Green and Biodiversity Plan 2020” recognises green roofs as spaces that act as lungs for the city, covering an area of 35,000 m2 [70].



In 2009, China implemented the Circular Economy Promotion Law, which explicitly targets clean production, efficient resource utilisation, and waste management [71]. China’s CE policies have evolved to encompass resource-oriented, production-oriented, waste management, and lifecycle considerations [72]. As for green roof development, the country also has over 1083 green building policies [73], leading to subsidies provided for building them [74]. At the city level, they have encouraged green roofs through urban greening ordinances; some have mandatory descriptions for the construction, supervision, and responsibilities of developing them [75].



In this study, Poland was the only country with national programmes considering green roofs in its strategies. Apart from this, there was an observed difference in scale in the generation and implementation of strategies that promote the CE and green roofs. The CE initiatives operate nationally, reflecting efforts that fully encompass each country. In contrast, green roof strategies predominate at the city level, indicating a particular approach tailored to the specific urban environments in which these initiatives are implemented. The current general application of CE guides national policies. It could be used to include the green roof as one more element to apply, using existing strategies at the local level for its implementation and being able to expand the adoption to other cities.




3.3. Theme Co-Occurrence Analysis


The frequency analysis intuitive method finds keyword repetition [27] by extracting keywords from the totality of the articles analysed. The number of linked documents determines the co-occurrence of the study’s thematic elements. This type of co-occurrence analysis was used in RStudio to create a map based on author keywords, which are bibliographic data. The first central cluster in Figure 5 with the most robust connection links was “green roof” to author keywords that are variables in studies such as “thermal behaviour”, “rainwater quality”, “thermal insulation”, “water quality”, and alternative materials like “cork” and “biochar”.



The research on biochar in green roof substrates focuses on its hydrological properties and positive impact on plant growth. One article focused on using a green roof as an urban vegetable garden. It showed that adding 15% biochar to heat-expanded clay had a 36% increase in water retention, with pH 8.53 ± 0.07, while its electric conductivity was 245 ± 35 µS·m−1. In this case, adding 15% biochar to the green roof substrate led to a 25 to 33% increase in the peppermint coverage area [76]. The optimal addition rate for enhancing stormwater retention without compromising recovery to maximum storage capacity and reducing the maximum temperature by 3–5 °C while decreasing the daily heat gain of the green roof by at least 0.06 MJ/m2 was 20% of biochair in the substrate [77].



Biochar improves water retention by reducing the runoff quantity, is effective in summer and when placed at the bottom of the substrate, and enhances nutrient retention, which is beneficial for sediment and meadow green roofs regardless of rain intensity [78]. Biochar is a stable material that can [79] significantly increase the water holding capacity (WHC) in green roof substrates, with a 40% application rate increasing the WHC by at least 74% [80,81]. It also increased substrate moisture, temperature, and porosity, promoting rapid plant growth and microbial community development [82]. Additionally, its nutrient retention benefits reduce nitrogen and phosphorus leaching [78,83] compared to conventional substrates [84].



Studies on using cork-based materials in green roof substrates demonstrated that, compared to conventional green roofs, cork-based materials improved the thermal insulation capacity, with 0.04 W/m·°C (a low thermal conductivity), providing significant thermal resistance. At the same time, the heat flux decreased from 5.3 W/m2 to 3.5 W/m2 in winter conditions [85]. High-density insulation corkboard showed a water retention of 5181 g/m2 compared to a commercial option that only retained 2848 g/m2 [86].



The following highlighted cluster was centred on the “substrate” layer, with two variables: “rainwater management” and “retention capacity”, and with only one alternative material, “hydrogel”. The studies on hydrogel in green roof substrates highlight their impact on water retention capabilities, either in laboratory experiments or in natural climatic conditions, showing promise in improving substrate water retention though their efficacy diminished over time due to sun exposure [87], and a substrate with 0.25% hydrogel by weight retained more water compared to substrates with 1% hydrogel or perlite [87,88,89] and supported plant growth providing potential soil-like conditions [90], as well as promoting the conservation of natural resources. Some alternative materials researched were brown algae, with perlite and vermiculite as substrates, which had a high water holding capacity, improved runoff water quality, and delayed runoff generation [91].



Only some alternative materials are displayed in Figure 5, and the use of coconut is notable in diverse presentations. The coconut coir, bamboo nodules, and PET plastic results show water pollutant retention, highlighting their effectiveness in water quality management [92]. A study found that coconut fibre substrates coupled with bamboo knots or HDPE waste in the drainage layers resulted in better plant coverage and survival, with favourable pH and low ammonium levels [93]. In another study integrating coconut in a mix with lightweight expanded clay aggregates and fine tuff as an improved substrate for plant growth and aeration [94], a similar result in drought conditions was achieved by adding hydrophilic polymer to a coconut and perlite substrate mix [95].



Besides the materials mentioned and shown in Figure 5, we found some study outcomes that demonstrate that green roofs are an integral part of a “building envelope” and are “passive systems” that use nature to provide benefits, such as “energy” efficiency by carrying out thermal regulation and rainwater management. One is reusing plastic bottles on green roofs, showcasing stormwater retention capabilities and pollutant reduction [96]. On the other hand, using recycled paper waste as sludge pellets in the substrate affected fertility but promoted the development of certain plant species and biodiversity in the long term [97]. Also, we found that recycled rubber crumbs as a drainage layer in green roofs reduce internal building temperatures during cooling periods [98,99]. The use of polluted river sediment as a substrate for green roofs focuses on nutrient retention and overall substrate performance [100].



This study found two papers focused on LCA [101,102]. The first study asses four alternatives in the substrate and drainage layer, demonstrating that coal bottom ash (CBA) and fly-ash-based lightweight aggregates (FAAs), one in each layer, had the best performance with minor environmental damage [102]. The second study compares a new system called Geogreen that was shown to reduce 74% of the global warming value while lowering human toxicity and freshwater aquatic ecotoxicity compared to conventional green systems [101]. Both approaches show the benefits of applying this kind of approach. Still, they need more information, such as the quantification of emissions mitigated by discontinuing prefabricated polymeric materials, such as by reusing or recycling waste or organic materials, and their impact on the CE.



In terms of substituting conventional materials, we can observe that it depends on the context and its characteristics, such as how the use of waste from the brick industry meets the requirements to be a lightweight substrate [103]. With positive outcomes such as less negative environmental impact and maximising ESSs in specific urban areas, this can support public policies that promote both CE and green roofs as sustainable practices. All the studies mentioned present ways to improve the “environmental impact” by reusing or recycling various alternative materials to the conventional ones, resulting in sustainable green roof construction practices. This is directly related to reducing the negative environmental impact of urban construction.




3.4. Alternative Materials in the Green Roof Layers in Relation to the Circular Economy Analysis


The green roof installation industry can enhance efficiency, reduce its carbon footprint, and promote sustainability by minimising the consumption of natural resources and energy. Reusing or recycling materials can lead to a low environmental impact and produce high-value-added materials, potentially maximising economic profits [104,105].



However, gaps in the selected papers must be addressed to ensure accuracy, reliability, and applicability. These include data from experimental periods, specifications on whether the experiments were conducted under controlled conditions, and the environmental impact of using alternative materials. All of these aspects should be considered in ongoing research.



In Table 1, we present the retrieved articles [number], the green roof layer: substrate (S), substrate and drainage (SD), drainage (D), waterproofing (W), modular system (MS), and the different alternative materials types used in it within the CE subprinciples mentioned in Section 2.2.



According to Table 1, incorporating CE principles into green roof systems is particularly evident in the substrate layer, in which recycling and reuse practices are prevalent. By combining recycled materials such as rubber and biochar, waste generation is minimised, and resource efficiency is maximised. This approach is both environmentally beneficial and economically viable, as it reduces reliance on virgin materials. For instance, substrates made from recycled construction materials divert waste from landfills and lower the environmental footprint of new material production [30].



Innovative materials derived from waste products, such as rubber, biochar, and hydrogel, reinforce the dual approach of functionality and sustainability in green roof systems. These materials provide functional benefits like promoting resource conservation, improved water retention, and insulation. By utilising waste products to create efficient substrates, green roofs can contribute to reducing overall waste and enhancing the performance of urban infrastructure.



Additionally, the durability and maintenance of green roof structures embody circularity principles. By selecting long-lasting materials and implementing proper maintenance practices, the lifespan of green roofs is extended [106], reducing the frequency of replacements and minimising waste. This approach is complemented by the recovery of agricultural organic waste [50,51], which enhances the substrate’s nutrient content and promotes resource efficiency. Incorporating organic waste like compost or biochar into green roof substrates improves soil health and reduces the need for synthetic fertilisers, aligning further with CE principles.



 





Table 1. Classification of the alternative materials used in the retrieved papers within the circular economy subprinciples.






Table 1. Classification of the alternative materials used in the retrieved papers within the circular economy subprinciples.












	Extension of the Useful Life of Materials
	Development of New Materials from Waste
	Recycling and Reuse
	Recovery of Agricultural Organic Waste
	Recycling of Construction Materials





	[86,107] W,D—Cork
	[108,109] S—Technosol
	[110] S—Silica sand, expanded aggregates, filtered manure, bark chunks, and crushed wood
	[111] S—Butcher waste and recycled cardboard pellets mixed with soil
	[112] S—A mix of limestone and siliceous waste aggregate



	[113] S—Hydrophilic perlite-based polymer
	[76,77,78,79,80,81,83,114] S—Biochar
	[93] SD—Coconut fibre, bamboo and high-density PET waste
	[92,93] SD—Coconut coir/bamboo stems and nodes, PET bottle tops and bottoms
	[94] S—Coarse tuff, fine tuff, medium tuff, peat, perlite, lightweight expanded clay aggregates, coconut coir



	[99,115] D—Recycled rubber
	[102] SD—Coal bottom ash (CBA) and fly-ash-based aggregates (FAAs)
	[82] S—Commercial substrate mixed with recycled glass
	[116] S—Soil microbial communities
	[117] S—Compost mixed with clay soil and compost with crushed bricks



	[118] D—Rubber crumbs and volcanic gravel
	[119] S—Local soil, peat soil vermiculite, and perlite
	[85,101] S—Cork
	[100] S—Contaminated river sediments
	[120] S—Construction waste



	[98] D—Rubber crumbs, polyurethane, and volcanic gravel
	[121] D—Pollytag®, lightweight expanded clay aggregates, chalcedony, serpentinite, and crushed autoclaved aerated concrete
	[122] S—Lightweight dredged material aggregate
	[123] D—Clay with bagasse, diatomaceous earth, wastewater sludge
	[124] S—Crushed brick and crushed tiles combined with green compost waste



	
	[125] S—Rubber combined with rooflite material and glass beads
	[126] W—Paint residues
	[95] S—Coconut and perlite mix
	[127] SD—Crushed concrete mixed with compost and crushed fir bark, expanded clay aggregate, and reed bed



	
	[84] S—Wastewater treatment plant sludge and biochar
	[96] MS—PET waste
	[128] S—Sargassum biomass
	[129] S—Crushed concrete, crushed bricks, sawdust, and municipal waste compost



	
	[87,88,90] S—Hydrogel
	[130] MS—Polymeric waste
	[131] S—Worm humus
	[132] S—Crushed porcelain and expanded glass combined with municipal waste



	
	[133] S—Kaolin
	[97] S—Sewage sludge pellets and compost made from organic waste
	[97] S—Sewage sludge pellets and compost made from organic waste
	[134] S—Crushed red and yellow bricks, clay granules, paper ash, limestone granules, crushed concrete



	
	[89] S—Hydrogel and perlite
	[135] S—Silica waste, byproducts of metallic ferrosilicon alloys, cellulose, foundry sand, and organic waste
	[91] S—Brown algae, perlite, vermiculite, sand, crushed brick, coconut fibre, and T. conoides
	[136] S—Fine recycled waste



	
	
	[103,137] S—Waste from the brick industry
	[129]—S—Crushed concrete, crushed bricks, sawdust, and municipal waste compost
	[138] S—Foamed glass and crushed porcelain



	
	
	[137] S—Wastewater sludge
	[139] S—Coarse burlap, fine burlap, composted green waste, almond shell, and pistachio shell
	[140] S—Green waste compost, and crushed bricks



	
	
	[141] D—Recycled rubber
	[94] S—Coarse tuff, fine tuff, medium tuff, peat, perlite, lightweight expanded clay aggregates, coconut coir
	[142,143] S—Lightweight expanded clay



	
	
	
	
	[144] S—Recycled brick



	
	
	
	
	[145] S—Recycled construction materials



	
	
	
	
	[146] SD—Waste construction material










The convergence between the use of alternative materials and the subprinciples of the circular economy is displayed in Figure 6 as an overview that shows the five subprinciples of the CE on the vertical axis. Where the 68 articles were classified, some in more than one subprinciple, which is why the total number of papers was 20. As mentioned above, there is a focus on using waste, particularly in developing new materials and recycling construction materials, predominantly in the substrate layer. This suggests a potential investigation gap to be exploited, followed by limited research in applying alternative materials in the substrate and drainage layer together, as well as waterproofing and modular systems.



According to the CE principles and the articles’ classification, almost 75% focused on replacing conventional materials used in the substrate layer within green roof systems. Waste is mainly used to develop new or recycled construction materials, support sustainability objectives, and promote resource efficiency and circular production flows. The outcomes of applying alternative materials, such as cork, recycled glass, plastic bottles, lightweight aggregates and silica waste, show promising results in terms of water retention performance, acid rain neutralisation and improved runoff quality [82,96,110,122], thermal insulation [85], and phytotoxicity prevention [135]. Sewage sludge stood out for its carbon storage capacity [137]. Combining different materials improves the quality and functionality of substrates and reduces the environmental footprint of module production [96,101,130].



The drainage also engages with CE but in a minor way. Only 12% of the articles concerned this layer. They appeared to be primarily focusing on extending the life of materials such as rubber [98,99,141,147,148] and recycling construction waste [123,126,146], developing new materials from waste such as Pollytag made of clay [121], and recovering agricultural organic materials such as coconut fibre and PET, which showed positive results regarding pH, electrical conductivity, and vegetation survival [93]. This suggests a targeted approach towards contributing to environmental sustainability and functionality.



In addition, only one article focused on the waterproofing layer, in which paint waste was reused to create a green roof [126]. The waterproofing layer shows minimal engagement with circular economy principles, reflecting a potential area for improvement. However, considering that waterproofing is used to protect the building structure, it influences the longevity of the green roof, so exploring opportunities for incorporating circular practices in this aspect could yield significant environmental benefits.



Practising waste reduction, reuse, and recycling can reduce the carbon footprint [20,105]. Including it in green roofs as a UGS and an integral component of GI [149] can enhance their overall effectiveness and resilience. The green roofs in the selected papers can be considered within the CE framework for including alternative materials in their structure and for generating ESSs.



According to the graphical abstract, green roofs are part of the GI that provides various ESSs. Among these services, we can find two CE principles: the regeneration of nature (since green roofs offer a space in which both flora and fauna can thrive) and pollution elimination (due to the green roof’s ability to remove atmospheric pollutants). This latter CE principle aligns with waste removal and the creation of circular products and materials. It also ties into subprinciples such as extending the lifespan of materials, developing new materials from waste, reusing waste, recovering organic waste from agriculture, and recycling construction materials, all of which contribute to the inclusion of alternative materials in the green roof structure.





4. Conclusions


The constant theme in these papers is the quest to increase green roofs’ ESSs by using environmentally friendly materials. This scoping review demonstrates how green roofs, as NbSs within GI, can integrate into the CE framework, making them vital for cities adapting to climate change. They serve as crucial elements of sustainable urban infrastructure and act as agents for advancing CE in the built environment. Urban planners can further sustainability by supporting these techniques and incorporating alternative materials.



A holistic approach must address environmental impacts, such as runoff water quality from green roofs that use recycled or waste materials. The research indicates that materials such as biochar and recycled rubber enhance the water retention capacity of green roofs and filter pollutants from rainwater, thereby improving ESSs and mitigating urban water pollution. Ongoing studies should focus on long-term monitoring of runoff water quality to fully understand the environmental implications of these materials.



Recycling or reusing innovative materials such as cork, biochar, and hydrogel in green roofs can lower their carbon footprint. This practice also addresses issues like air pollution and urban heat islands while contributing to environmental conservation by reducing waste production, optimising resource use, and promoting sustainable material practices. These materials align with CE principles by supporting nature regeneration, reducing atmospheric pollution, minimising material imports, and lowering the ecological costs of production and transportation. They also enhance local adaptability, biodiversity, and resilience in urban ecosystems.



The dynamic interaction between material innovation, environmental regulations, and CE concepts highlights how green roofs can impact the growth of resilient and sustainable cities. This study displayed a disparity in the scale and implementation of policies: CE ones are designed to address broader national goals, while green roofs are often tailored to individual urban areas’ specific needs and contexts. To better integrate these approaches, national policies could incorporate green roofs as a standard element within existing CE frameworks. Policymakers and urban planners can leverage these insights to promote green roof adoption as a critical element in the transition towards a CE, maximising their benefits for waste reduction, resource efficiency, and environmental enhancement.



Finally, upcoming studies show the principle that simpler designs often enhance functionality. Switzerland is a practical example of structuring green roofs while avoiding the use of unsustainable materials. Green roofs may consist of only three layers: root barrier, substrate, and vegetation [149]. This minimalist approach can serve as a model for future green roof designs, promoting simplicity and sustainability in urban environments.
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Figure 1. Concept interconnection. 
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Figure 2. PRISMA model diagram. 
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Figure 3. Global articles’ production distribution. 
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Figure 4. Corresponding author’s countries. 
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Figure 5. Co-occurrence author keyword map. 
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Figure 6. Green roof layers within the CE subprinciples. 
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