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Abstract

:

Over the last ten years, due to the increase in frequency and severity of climate change effects, resilience in buildings has become a growing topic in the current global discussion on climate change adaptation. Designing both sustainable and resilient constructions would help to face such effects; however, sustainability and resilience in design have been mostly treated separately so far. Since sustainability has been considered more than resilience, paying deeper attention to the latter is indispensable to reducing building vulnerability. The purpose of this article is to examine the commonalities between the sustainability and resilience of buildings using two different approaches: (i) a systematic literature review, taking into consideration a 10-year period for selecting records, and (ii) an analysis of five green building rating systems and five resilience rating systems and guidelines selected according to their popularity and number of certified buildings. There is an overlap in some indicators between the two domains at the building level, as shown by the results from both paths. These aspects could assist in considering sustainability and resilience from the very beginning of the design process. This will ensure that buildings may be designed more effectively by considering and enhancing the synergies between the two domains. This paper targets potential stakeholders who may be interested in including such an integrated implementation in their designs.
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1. Introduction


In the last decade, severe natural events, such as floods, wildfires, heat and cold waves, and droughts, resulting in significant loss of life and economic damage [1], have continued to occur at an increasing rate, demonstrating the intensity of climate change (CC) and its impact on the natural and built environment [2]. The 2021 report of the Intergovernmental Panel on Climate Change (IPCC) [3] shows that the emissions of greenhouse gases (GHG) from human activities are responsible for approximately 1.1 °C of warming from 1850 to 1900 and significantly contributed to the alteration of the local climatic conditions in the built environment (i.e., urban heat islands). In their report, IPCC experts have emphasised the irreversible consequences of temperature increase and urged action to reduce CO2 emissions in the short term [4].



In addition to being responsible for 36% of emissions and 40% of energy consumption in the EU, the built environment represents a promising sector for massive savings, but at the same time, one of the most vulnerable to the impacts of CC [5].



Thus, defining effective, resilience-improving strategies to reduce vulnerability to disaster events, rather than working in just a reactive mode [6], represents a crucial issue for the near future. The international super-governmental bodies aim to address the possible causes by setting mitigation and adaptation measures for the medium and long term. Within these strategies, some specific indications for the building sector are embedded within the 2015 United Nations (UN) Sustainable Development Goals (SDGs) [7], where some principles of building design are linked to design for sustainability and resilience. The interrelationship of the two domains of sustainability and resilience needs to be studied to expedite the progress of building resilience at the local level towards achieving several international targets [8,9,10].



1.1. Sustainability and Resilience at Different Scales


According to [11,12,13], building sustainability refers to reducing the negative effects on the environment, while resilience refers to the way in which a building can adapt to changes imposed by CC.



Since the 1990s, different standards and certifications have been developed and used to ensure improved sustainability in buildings, such as Leadership in Energy and Environmental Design (LEED) [14] in the United States, Building Research Establishment Environmental Assessment Method (BREEAM) [15] in the United Kingdom, or Deutsche Gesellschaft für Nachhaltiges Bauen (DGNB) [16] in Germany. Currently, resilience is a big priority in the construction sector and often overlaps with the concept of sustainability, which has existed for a much longer time. As a consequence, a question arises as to whether resilience is a subset or something independent of sustainability [13]. Still, resilience to natural and manmade hazards is rarely included in green building rating systems (GBRSs) [17].



Although the precise meaning of building resilience is indeterminate, many organisations have tried to define this issue. For instance, the Rockefeller Center states that city resilience is the ”overall capacity of a city (individuals, communities, institutions, businesses and systems) to survive, adapt and thrive no matter what kinds of chronic stresses or acute shocks they experience” [18]. Within this paper, resilience is assumed as the ability of a system, entity, community, or person to adapt to changing conditions, resist shocks while still preserving the essential functions, and recover all system features to a pre-disaster level. In the urban environment, improving building resilience has been associated with disaster risk reduction; moreover, when combined with urban resilience strategies, it can serve as a driving force for urban planning in the future [19].



The analysis of resilience is enhanced when a building is used as the unit of analysis, rather than a city or neighbourhood, as this allows a better understanding of how the building operators and managers (as key players within the building) deal with disruptions in the building system. This fact is especially significant because the most impacted user group from any resilience efforts (at any scale) are the end-users, who sometimes have limited control of the building system. Thus, since, in many cases, residential buildings are multifamily buildings, the owners and managers, having more power than building occupants, can influence and take purposeful actions in the building system to make it more resilient to ensure acceptable living conditions, including in case of extreme events [20]. Thus, the main idea behind this article is that two design processes, sustainability and resilience, are being discussed more and more by building and city experts and professionals, but there is little understanding of whether these are similar and could eventually be synergistic or whether there are contradictions [21]. To answer this question, a systematic literature review and analysis of building rating systems is needed. Identifying common clusters between the theoretical assumptions derived from the literature and the potential application within GBRSs/real construction processes can provide answers to the question of whether the two approaches overlap and how this is extended.




1.2. Scope and Objectives


This study reviews the commonalities of sustainability and resilience at the building level following two methods: a theoretical-based literature review and a rating-systems-based approach focused on investigating GBRSs and resilience rating systems (RRSs) and guidelines. Hence, the main objectives are (i) to identify the amount of research focused on both sustainability and resilience, and (ii) to define clusters and metrics of sustainability and resilience and to identify common clusters and synergies.





2. Materials and Methods


Since the main scope of this study is to point out the common ground between the domains of sustainability and resilience (Figure 1), the very first step of the process was to investigate their current notions and definitions within the scientific literature.



A systemic review from electronic databases was therefore conducted. Figure 2 provides a conceptual workflow of the investigation process, which compares the outcomes of the literature review with the structure and consistency of the GBRSs and RRSs.



Accordingly, a critical reflection addressed to the thematic cluster definition follows as a discussion regarding the two approaches and the future research trends in this sector.



2.1. Theoretical Research


The search was conducted in the Web of Science, Scopus, and Science Direct databases, which were chosen for their reputation in indexing high-quality and peer-reviewed papers and since they are managed by third parties. To control the quality and uniformity of data, the document types were limited to “reviews”, “articles”, “conference papers”, and “books/book chapters”, and the selected language was “English”. The timespan set for this investigation was from 2002 to 2022, which is assumed as the “maturation period” of both the domains in which the larger scientific production was registered. The title, keywords, and abstracts of the papers were identified according to the following strings in each database:




	
Sustainable building OR sustainable design OR sustainable construction OR sustainable built environment;



	
Resilient building OR resilient design OR resilient construction OR resilient built environment.








Due to the fact that this study aims to identify the common ground between sustainability and resilience, additional narrowed research was conducted in the electronic databases to select records pertaining to sustainability in buildings which consider resilience aspects and vice versa. Moreover, since resilience is a more recent and less established concept, only the last ten years (2012–2022) were finally considered.



Figure 3 shows the PRISMA diagram [22] that illustrates the second-phase reviewing process. Once the data search was completed (1659 records identified), 7 additional records were identified through hand-searching, 744 duplicate records were removed, and a total of 922 records were selected for the screening process. For identifying patterns and trends, the VOSviewer tool (open-source software) [23,24] was used because it provides some analysis of recurrence of keywords that are useful to direct the search and immediately gain insights on emerging aspects. Titles and abstracts were then screened, and irrelevant results were excluded because the resilience aspect was only marginally considered. Hence, 86 full-text records were selected for the eligibility check. After reading the full-text records, a total of 47 records were included in this study.




2.2. Rating-Systems-Based Approach


GBRSs and RRSs can also be used for identifying the clusters for sustainability and resilience at the building level. Among the several available GBRSs [25], Table 1 shows key facts about the diffusion and application of the three most recurring ones at the European level, according to [26].



Thus, the New Construction version of BREEAM [15], DGNB [16], and LEED [14] were carefully selected for this paper, assuming that these protocols have an essential role in setting directions for further sustainable strategies. Moreover, the new European sustainable framework Level(s) [29]—which was specifically developed to provide a common language among the rating systems—was also considered. Additionally, the RIBA design process [30], a well-known industry-standard planning method, particularly the RIBA Sustainable Outcomes [31], was included in the sustainable design domain.



After a screening among the currently available RRSs, Table 2 shows the five tools and guidelines that were chosen.



RELi was selected as being directly designed for LEED-certified buildings. REDi, also mentioned in RELi, is specifically designed to improve buildings’ seismic response capacity. B-Ready was included as being one of the few protocols developed outside the US context. PEER is focused on energy efficiency and the environment. USGBC is the leading solution promoted by the United States Green Building Council.



Each selected GBRS and RRS has been carefully analysed to summarise (a) the key objectives; (b) the data to be collected; and (c) the metrics used to generate the rating scheme. Then, the tools were compared to assess their commonalities (including meaningful metrics) (Figure 4).



Following a thorough analysis of these rating systems (RSs) (criterion-by-criterion approach), several criteria were grouped into clusters. Based on this analysis, common clusters were recognised, taking into account the indicators and main effects of the strategies.





3. Results


3.1. Theoretical Research: Systematic Literature Review


The literature research was conducted between July and November 2022. The first search round produced 8437 results for the sustainability domain and 1130 results for the resilience domain, whose combined distribution over the 20-year range is reported in Figure 5. Not surprisingly, while sustainability has been extensively explored during the past 20 years, resilience is a relatively more recent field of study.



In the second research round, only the last 10 years, from 2012 to 2022, were considered (Figure 6) to refine the process within a more balanced background knowledge, given that the detection of the common ground between the two domains was the main scope of this study.



After this analysis, the papers were entered into VOSviewer software, selecting the analysis of words co-occurrence both in titles and abstracts and keywords (Figure 7). Binary counting was then selected, and ten was the minimum number of occurrences of a keyword to be shown on the map. The normalisation was performed with the association strength method. Four clusters were identified. Four clusters can be identified on the map: blue, light blue, green, and yellow. In VOSviewer occurrence analysis, the distance between two words corresponds to a greater distance in terms of the research topic. The blue cluster is dominated by sustainability/resilience/implementation-related words. The light blue cluster is related to management and monitoring. The green cluster contains terms related to the performance of the building. The yellow cluster, which is the last in terms of the number of words, contains topics pertaining to vulnerability and risk analysis. This is a preliminary analysis that will be refined in the following paragraphs.



Figure 8 depicts the distribution patterns of the selected records after they were filtered, duplicates were removed, and eligibility was determined.



Figure 9 illustrates the annual distribution of the records from 2012 to 2022. In comparison with Figure 6, it is evident that there has been a reduction in quantity since the duplicates were removed, and only the most eligible documents were considered. It is plain that the topic has attracted an increasing amount of attention over the last seven years.



In the analysis of the records regarding the combination of sustainability and resilience, nine recurring clusters were identified (Figure 10), which illustrates that simultaneous consideration of both domains has already been recognised in some specific instances.



The identified clusters are listed in Table 3. In many records, one option to achieve a sustainable and resilient building entails considering low-energy solutions, as reported by [37] and [38], thus falling in the “Energy Performance” category. Other examples are the studies of Menna et al. [39] and Marini et al. [40] that consider Life Cycle Assessment for structural retrofitting against seismic hazards while including environmental impacts, thus falling in the “Life Cycle Thinking” category.



These clusters are a way of clustering the topics that were investigated in the selected records and reported in Figure 11, where primary references and secondary references are highlighted. Appendix A presents the other clusters (Figure A1, Figure A2, Figure A3 and Figure A4).



Primary references are those whose focus is primarily on the topic in question, while secondary references are those which refer to the topic but in a relatively generalised manner. More subsets of topics are pertinent to different clusters, such as adaptable technologies (e.g., the study of [62] or [69]), which falls into the Indoor Comfort category and the Flexibility one.




3.2. Rating-Systems-Based Approach


3.2.1. Analysis of GBRSs


Traditionally, resilience and sustainability have been approached as separate issues [45]. For the aim of this paper, five GBRSs were reviewed (i.e., LEED, BREEAM, DGNB, Level(s), and RIBA). According to the reported methodology, eight common clusters were detected. The methodological system based on clusters allows the definition of a sort of circle in which more subsets can be considered. However, the circle has blurred edges because the cluster may eventually be specified more in detail, adding new features but without necessarily introducing new clusters.



Table 4 shows these clusters and their definitions. Most of these tools chosen for the investigation do not equally address all three levels of sustainability (i.e., environmental, social, and economic). Most emphasis is placed on environmental impacts, ignoring the importance of social and economic impacts [83]. Indeed, the economic level was present only in Level(s), DGNB, and RIBA, which is why economic sustainability is not included in the table. Therefore, it can be argued that these systems provide a measure of sustainability even though they focus primarily on environmental impacts.



As shown in Figure 12, each cluster is included in each protocol, but in a different proportion based on the number of criteria that fall within each—in the figure, it is not the weight of each criterion/credit but the credit itself, rather than its “importance”, that is considered in the overall framework. For example, within the cluster Healthy and Comfortable spaces, there are criteria such as Light Pollution Reduction under the LEED system (Sustainable Site category) or Design for All under the DGNB system (SOC2.1). Each tool contains a percentage labelled “Others”, which represents criteria/credits that are not present in every tool (and therefore it was not possible to cluster them), e.g., Life Cycle Costing.



Based on the criteria weights of each tool, Figure 13 illustrates the distribution of clusters. The analysis was limited to tools that operate on a point basis.



Sustainability performance needs to be measured, quantified, and/or assessed in order to determine which construction system, technique, or material performs from a sustainability point of view. Thus, a metric is always specified and stated. Indeed, the clusters present indicators and specific metrics that are shown in Figure 14 and were taken from the analysis and comparison of the sustainable tools and methods. Examples include LCA for new potential material, energy consumption and CO2 emissions of a building, etc.




3.2.2. Analysis of RRSs


To define how the building sector conceptualises resilience and to determine the metrics, resilience initiatives, programs, and frameworks that directly address the resilience of buildings were investigated. These involved general guidance documents, standards, and building design and construction strategies that stakeholders could use within the building sector to identify strategies to enhance building resilience.



These documents address different hazards, as Figure 15 shows. Many extreme events, such as strong winds, earthquakes, and floods, have specific design criteria in current codes and standards for the built environment. However, three of the five resilience documents (PEER, RELi, and B-READY) address climate change hazards as part of a vulnerability assessment or all-hazards approach. They usually describe and set general pathways to follow that can be applied to any disaster event. For example, strategies such as maintaining back-up power to critical systems, building community ties, providing refuge areas for at least four days, developing emergency management plans, planning for long-term monitoring and maintenance, and managing system redundancy are not hazard-specific. They can be applied to improve the overall resilience of a building.



Conversely, the other documents are more hazard-specific (developed to face one or two types of extreme events), such as REDi, a framework mainly focused on seismic activity resilience.



However, the most common hazards covered by these documents are flooding, heat waves, and severe storms, while other hazards, such as air and water quality, drought, and wildfires, are not as extensively covered



Following the analysis performed according to the proposed methodology, the results of this investigation are presented in Table 5 as resilience clusters.



Even in this case, there are more or fewer criteria/credits for each tool that fall within those clusters (Figure 16). For example, within the cluster Thermal Safety and Passive Survivability, there are criteria such as Passive Thermal Safety, Thermal Comfort + Lighting Design Strategies under the RELi system (hazard mitigation + adaptation, HA3) or Passive Solar Design under the USGBC guidelines (heating, cooling, lighting category). As for the sustainability clusters, each protocol contains a part labelled “Other”, which represents criteria/credits that are not present in every tool (and therefore it was not possible to cluster them).



The resilience metrics of these clusters, shown in Figure 17, come in various types. They can be qualitative or quantitative, as for the local renewable generation or indoor water use reduction; they can be based on interviews, expert opinion, engineering analysis, or pre-existing datasets, such as the site risk assessment. They can also be presented as an overall score or a set of separately reported scores across physical, economic, social, and environmental dimensions as for the hazard-resilient materials. These metrics help assess each objective’s current level of resilience and the potential benefits of actions to improve its resilience.




3.2.3. Common Clusters


According to the previous analysis, it was possible to highlight the common clusters, indicators, and metrics for each of the two domains, as shown in Figure 18 and Figure 19.



Figure 19 shows the common clusters of sustainability and resilience in buildings, along with their descriptions and the expected effects of using strategies that belong to those clusters. The most recurrent strategy is designing passive solutions that can be applied for different purposes (heating, cooling, lighting, and ventilation), or, for example, renewable energy strategies will reduce a building’s dependency on the electrical grid and reduce carbon emissions and potentially make the building more resilient to power outages.






4. Discussion


It has been observed from the literature review that sustainability and resilience at the building level have been receiving increased attention in recent years as researchers, architects, designers, and other pertinent stakeholders have been working to mitigate the effects of climate change. In the records selected from the literature review, the main clusters into which the strategies and solutions were grouped were Energy Efficiency and Passive Solutions. The same results emerged considering the RSs. Indeed, in these ratings, the energy consumption indicator is a core concept because the total energy demand is used to evaluate the building’s energy efficiency. The components are the heating, cooling, ventilation, and lighting that work with HVAC systems, boilers, and lighting appliances, and consequently they need electricity to be operative. Still, passive techniques that replace the previously mentioned systems are recommended. Figure 20 shows how these approaches resulted in the clustered topics. For example, regarding the Materials topic, both approaches suggest a willingness to encourage reuse of, recycling of, and prolonging the life cycle of a material in order to reduce the amount of waste that must be sent to a landfill.



Figure 20 makes evident the commonalities between the two domains and highlights how much room there is to introduce resilience-enhancing criteria into existing GBRSs, mostly employed during the building design since resilience should be viewed as a prerequisite for a green rating and vice versa.



The common clusters are generated by the current knowledge of the two domains with respect to the activity of the scientific community and RSs, but this can rapidly evolve over time. Based on the exponential increase in publications in the field of sustainability, it is reasonable to conclude that progress and a greater interest in the investigation of resilience are likely to occur in the near future, providing an opportunity for updating this study. Nevertheless, it is possible to consider the proposed methodology solid enough to let the clusters be eventually specified without necessarily introducing new ones. If it is necessary to add a new category, it would be sufficient to add scores and evaluate their weight. Clusters do not all weigh the same, as, for instance, GBRSs highlight, but this study has not focused on determining the weight of each cluster which could represent a further step in the process. Further, it is important to note that aspects of social and economic sustainability were not included, despite the fact that it might have been interesting to highlight whether these aspects are also relevant to resilience. This choice was taken because most of the GBRSs selected do not address all levels of sustainability (i.e., environmental, social, and economic) equally; thus, a boundary encompassing only the environmental aspects was set. The authors are aware that there are differences in terms of priorities and effects, but this will be the subject of future studies.




5. Conclusions


Recent years have seen many European countries introduce the requirement to undergo environmental assessment for building projects; in the UK, for example, each new-build construction project must achieve a BREEAM Outstanding rating as part of the government’s Construction Strategy [84]; in Germany, federal buildings must meet BNB (Assessment System for Sustainable Building) certification requirements as required by the federal government’s sustainable development strategy [85]; and in Italy, specifically in the Puglia region, non-residential buildings are required to comply with Protocollo ITACA when they are financed in part by public funds [86]. This trend is likely to increase over the next 5–10 years to improve the built environment’s quality.



Even if many actions have been made to include sustainability at the building level, the concept of resilience is still quite recent and not fully considered yet, but several concerns have arisen regarding identifying the common ground between sustainability and resilience at the level of the building.



By combining two different approaches (i.e., a theoretical-based one (literature review) and rating-systems-based one), this study identified common clusters and indicators that encompass both domains. Based on the findings, both approaches share similar clusters, implying that sustainability and resilience can be considered simultaneously while designing a project. In the process of implementing sustainable and resilient measures, it is crucial to balance the performance of each domain without skewing too much in one direction or the other. These common clusters may assist in finding a balance.



Further, it is essential to identify some irreplaceable key indicators in the design process. This would allow a building to reflect the concept of resilience while incorporating aspects of sustainability. Therefore, there would be greater opportunities to address the building sector, especially new construction, to meet the SDGs’ future challenges.



A number of stakeholders in the building sector, including architects, managers and operators, and community organisations, may benefit from this study, which indicates that synergies between the two domains are possible and a consistent overlap exists, demonstrating the importance of incorporating sustainability and resilience strategies into building planning processes when performance-based tools are typically employed. The purpose of this research was to lay the groundwork for a quantitative study to be conducted in the future.
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Figure A1. Clusters (specifically Vulnerability [39,46,50,52,53,54,55,56,57,58,59,69,79,80] and Flexibility [43,44,49,56,59,60,61,62,63,64,65,66,68,74,81]) from the selected records resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones). 






Figure A1. Clusters (specifically Vulnerability [39,46,50,52,53,54,55,56,57,58,59,69,79,80] and Flexibility [43,44,49,56,59,60,61,62,63,64,65,66,68,74,81]) from the selected records resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones).
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Figure A2. Clusters (specifically Indoor Comfort [38,41,44,67,68,69,70,71,72,74,77,78,81] and Material Effectiveness [40,47,63,66,73,74,75,76]) from the selected records resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones). 






Figure A2. Clusters (specifically Indoor Comfort [38,41,44,67,68,69,70,71,72,74,77,78,81] and Material Effectiveness [40,47,63,66,73,74,75,76]) from the selected records resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones).
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Figure A3. Clusters (specifically Passive Solutions [61,62,64,68,69,71,72,75,77,78,79,82] and Water Efficiency [53,68,77,80,81,82]) from the selected records resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones). 






Figure A3. Clusters (specifically Passive Solutions [61,62,64,68,69,71,72,75,77,78,79,82] and Water Efficiency [53,68,77,80,81,82]) from the selected records resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones).
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Figure A4. Biodiversity category from the selected records [41,48,75,77,80,82] resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones). 






Figure A4. Biodiversity category from the selected records [41,48,75,77,80,82] resulted from the literature review and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones).
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Figure 1. Venn diagram to identify the area of investigation. 
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Figure 2. Overall research workflow. 






Figure 2. Overall research workflow.
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Figure 3. Literature review search strategy based on the PRISMA workflow. 
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Figure 4. Clusters definition strategy—sustainability clusters on the left and resilience clusters on the right. 
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Figure 5. Records from the electronic databases (including duplicates). 
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Figure 6. Records from the electronic databases (including duplicates). 






Figure 6. Records from the electronic databases (including duplicates).



[image: Sustainability 15 00884 g006]







[image: Sustainability 15 00884 g007 550] 





Figure 7. The output of the keywords analysis from the literature, performed in VOSviewer. The figure shows the clusters of keywords considering their occurrences. 
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Figure 8. (a) Distribution pattern by electronic databases (after removing duplicates but before the eligibility process). (b) Distribution pattern by record typology (records included in the study). 
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Figure 9. Annual distribution of the literature that considers both sustainability and resilience in buildings. 
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Figure 10. Venn diagram of the common ground between sustainability and resilience in buildings. Nine clusters were identified. 
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Figure 11. Clusters (specifically Energy Performance [21,37,38,39,40,41,42,43,44,45,57,77] and Life Cycle Thinking [37,39,40,46,47,48,49,50,51,52,63,76]) and selected records (keywords found in the records belonging to each thematic category in yellow stickers, research articles in light blue ones, review articles in blue ones, and conference papers in black ones). The other clusters are shown in Appendix A. 
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Figure 12. Overview of clusters in the considered tools, showing the sum of credits/criteria that fall under each cluster. 
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Figure 13. Overview of clusters in the considered tools according to the sum of the criteria weights. 
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Figure 14. Description of the selected indicators for each cluster and the specific metric. 
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Figure 15. Resilience assessment tools and guidelines and the specific hazards they address. 
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Figure 16. Overview of clusters in the considered tools, showing the sum of credits/criteria that fall under each cluster. 
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Figure 17. Description of the selected indicators for each cluster and their specific metrics. 
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Figure 18. Venn diagram of sustainability (left) and resilience (right). Eight common clusters were identified (listed from A to H). 
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Figure 19. Common clusters derived from RSs. 
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Figure 20. Common clusters are derived from theoretical and rating-systems-based approaches. 
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Table 1. Global statistics on the most prevalent GBRSs in Europe.
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	GBRS
	Country
	N. Certified Buildings
	Source





	LEED
	US
	79,418
	[27]



	BREEAM
	UK
	594,011
	[28]



	DGNB
	DE
	8700
	[29]
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Table 2. Overview of chosen RRSs.
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	RRS
	Acronym
	Country
	Typology
	Source





	Resilience Action List and Credit Catalog
	RELi
	US
	tool
	[32]



	Resilience-based Earthquake Design Initiative
	REDi
	US
	tool
	[33]



	B-Ready
	-
	NO
	tool
	[34]



	Performance Excellence in Electricity Renewal
	PEER
	US
	tool
	[35]



	United States Green Building Council (USGBC) Green Building and Climate Resilience guidelines
	USGBC
	US
	guidelines
	[36]
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Table 3. Theoretical contributions are classified by category. In this table, each record falls into one category only, even if some records consider more than one topic.
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	S.No.
	Cluster
	References
	No. of Records





	1
	Energy Performance
	[21,37,38,41,42,43,44,45]
	8



	2
	Life Cycle Thinking
	[39,40,46,47,48,49,50,51]
	8



	3
	Vulnerability
	[52,53,54,55,56,57,58,59]
	8



	4
	Flexibility
	[60,61,62,63,64,65,66]
	7



	5
	Indoor Comfort
	[67,68,69,70,71,72]
	6



	6
	Material Effectiveness
	[73,74,75,76]
	4



	7
	Passive Solutions
	[77,78,79]
	3



	8
	Water Efficiency
	[80,81]
	2



	9
	Biodiversity
	[82]
	1



	
	Total Number of Records
	
	47
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Table 4. List of sustainability clusters detected from the investigation of GBRSs and other methods and their explanations. The order is based on the importance of the category within the rating systems.
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	Sustainability Clusters
	Definition





	Energy performance
	Reduce the energy demand and incentivise renewable energy sources and passive solutions.



	Greenhouse gas and air pollutant emissions cycle
	Minimise the total GHG emissions along a building’s life cycle with a focus on emissions from building operational energy use and embodied energy.



	Sustainable Connectivity and Transport
	Guarantee quality of access and transport.



	Land use and ecology
	Reuse of previously developed land and enhance biodiversity.



	Resource-efficient and circular material life cycles
	Optimise the building design, extend the long-term material utility, and reduce significant environmental impacts (embodied and operational).



	Healthy and comfortable spaces
	Comfortable, attractive, and productive building to live and work in, guaranteeing high quality of life.



	Efficient use of water resources
	Make efficient use of water resources with efficient measures to minimise water use.



	Adaptation and resilience to climate change
	Resilient buildings against potential future changes in the climate to protect people’s health and comfort and minimise long-term risks.
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Table 5. Description of the resilience clusters highlighted by analysing five resilience assessment tools and guidelines. The order is based on the importance of the category within the rating systems.
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	Resilience Clusters
	Definition





	Thermal safety and passive survivability
	Provide opportunities to moderate the indoor building comfort during regular operation and during grid-supplied power and fuel outages, heat waves, and other emergencies when local self-reliance is critical.



	Back-up energy system and on-site renewable energy
	Resilient power systems capable of lessening the likelihood of long-duration electrical outages thanks to battery energy storage and generator on site.



	Water management
	Improved integration of human development with the natural hydrological cycle, maintaining a balance with surface water, rain events, and water use.



	Location and biodiversity
	Explore shock-resistant planning and design for an extreme event with a site assessment and identification of long-term adaptability strategies to face the climate change consequences. The protection of biodiversity and greenfield plays an important role.



	Transportation system protection
	Increased accessibility and the diversity of the transportation options available in times of crisis. This leads to improving social cohesion and knowledge of the local surroundings.



	Material effectiveness
	Improving the ecological and economic life cycle of all materials used in the project by increasing material recycling and reuse, local extraction, and harvesting. Running the Life Cycle Assessment and using EPD-certified products with a positive life cycle impact and reduced embodied energy and carbon.



	Passive lighting and ventilation
	Guaranteed indoor comfort via passive systems that allow the building to be operative even in case of disruptive events.



	Community education and training
	Education and building capacity to successfully embed resilience into buildings and communities.
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