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Abstract

:

The health system’s response to the COVID-19 pandemic has involved research into diagnoses and vaccines, but primarily it has required specific treatments, facilities and equipment, together with the control of individual behaviour and a period of collective confinement. The aim of this particular research, therefore, is to discover whether COVID-19 is capable of changing the built environment (BE) and leveraging specific solutions for sustainable buildings or urban areas. Some historical reviews of infectious pandemics have highlighted the development of new solutions in the BE as an additional contribution towards preventing the spread of infection. The BE has an important role to play in supporting public health measures and reducing the risk of infections. The review of potential COVID-19 measures shows the existence of well-referenced solutions, ranging from incremental alterations (organisation of spaces, erection of physical barriers) to structural alterations (windows, balconies) with different timeframes and scales (ranging from changes in building materials to the design of urban areas). A critical exploratory assessment makes it possible to identify measures that may help not only to reduce the risk of COVID-19 transmission (or even prevent it), but also to increase resilience, improve air quality and lower energy requirements or the use of materials, and thus potentially increase the sustainability of the BE. COVID-19 measures challenge us to rethink buildings and urban areas and potentially leverage sustainable BE solutions with win-win outcomes (minimalist design and other solutions). The specific composition of this set of measures must, however, be further researched.
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1. Introduction


Contagious diseases can have disturbing effects on human populations and seriously disrupt their activities [1]. COVID-19 is an infectious disease caused by a new strain of the coronavirus family, SARS-CoV-2 [2]. It belongs to the same family as SARS-CoV-1, which was responsible for the severe acute respiratory syndrome (SARS ) pandemic in 2003 [3].



Since the beginning of 2020, this particular coronavirus has spread at an alarming rate all over the world [2]. According to data provided by the World Health Organisation (2020), the virus has already affected 213 countries, with more than 14 million cases recorded worldwide and more than 600,000 deaths [4].



Besides its effects on public health, the COVID-19 pandemic has had other significant consequences, resulting not only in a series of economic impacts [5]—seriously reducing economic activity, with a 3.0% recession currently being expected—but also impacts of a social [6] and even physiological nature [7].



The current positive effects on the environment, e.g., the reductions in energy consumption, greenhouse gas emissions and pollution [8], are due to the temporary limitations that have been imposed on activities. The need for extra protective measures may, however, lead to the creation of another specific form of solid waste, such as discarded masks and gloves [9]. The reduced capacity of services (e.g., fewer users of schools, restaurants or shops) has increased the consumption of energy, water and cleaning products per service unit. Furthermore, if business returns to its normal levels, the environmental pressures will increase since these have not yet been decoupled from economic activity [10].



Major infectious diseases are critical events [11], and the risk and effects of such maladies present enormous challenges to society and organisations, challenging them to introduce temporary or even more long-term changes. The pandemic dimension of this virus further exacerbates the risks to society (or the perception of them) and highlights the importance of preparedness [12] in meeting the challenges of potential impacts and in taking the correct actions.



Globalisation has brought huge increases in the movements of people and goods, the speed with which ideas can be disseminated and also the potential for the transmission of infectious diseases. Nowadays, there are more people living in urban areas than in rural areas [13]. Urbanisation alters the consequences of infectious diseases [14] and cities create conditions for the growth and spread of new microorganisms. The population has become concentrated in smaller areas, in some cases with poor sanitary conditions, where technology and alterations to the built environment make it possible to mitigate risks [15].



On Web of Science (WoS), there has been a growth in the number of publications this year about COVID-19 (more than 6000 references), but fewer than 1% of these refer to the built environment or buildings [16]. On ScienceDirect, it is possible to find more than 8000 references, but, again, fewer than 1% of these are related to the built environment in any way [17].



In more specific research, it is possible to find some articles published in various journals that discuss built environments in relation to the COVID-19 pandemic [18,19], examine potential preventive measures [20] or mainly relate this question to the problem of sustainable development [21].



As far as scientific studies on COVID-19 are concerned, it is worth stating that there is a full range of information; however, these studies focus mainly on the areas of medicine, the pharmaceutical industry, public health and related fields. There are few publications in the scientific literature relating COVID-19 to the built environment and buildings.



The search for solutions that can control the transmission of the effects of diseases like SARS-CoV-2 (COVID-19) has been undertaken mainly within the health system, engaging society in different behavioural actions (such as hygienic measures or social distancing).



When the proposed solutions to infections like COVID-19 and the research conducted into public health are taken beyond the sectoral silos of the health system and behavioural controls, it can be seen that the built environment (buildings and urban areas) can also make a valuable contribution that must be researched and analysed [22].



In the past, certain infections, such as cholera, have influenced and changed the built environment, with the development of new urban areas and infrastructures [23,24]. For some authors [25], infectious diseases and extreme events resulting from climate change are warnings from the planet that the limits may have been reached and that, consequently, a more structural approach to change should be adopted, one that combines environmental concerns with the search for sustainability. Understanding these risks and vulnerabilities provides an opportunity for identifying the changes that need to be introduced. This coronavirus-induced pause represents “a big chance!” for developing more sustainable systems [26]. For Cohen (2020), “one way to offset some of the unfortunate suffering and disruption caused by this event” is by contributing to “a sustainable consumption transition” [27].



The potential for contamination by the COVID-19 pandemic and other fresh outbreaks of the virus calls for a more holistic approach, with more structural changes being introduced into the built environment [14]. The built environment is of major importance within the context of the wider social and economic environment (being responsible for more than 40% of energy consumption). Furthermore, cities and other urban areas are not only a problem, but they also offer a solution for providing a more sustainable form of development and increasing the potential for infectious disease control.



The lockdown of urban areas due to the COVID-19 crisis has shown the limits and deficiencies of buildings and other dimensions of the built environment. The essential question is whether these lessons will be learned and whether the changes will result in a move towards lower risks in urban areas and the creation of a more sustainable environment [28].




2. Research Methodology


The question posed by this research study is “Could COVID-19 measures leverage a sustainable built environment?” Our paper seeks to identify whether COVID-19 will bring changes to the built environment and whether these changes will or will not promote sustainable solutions in buildings and urban areas.



For this purpose, the methodology (Figure 1) used in this exploratory research begins by reviewing the historical cases of previous pandemic infectious diseases, identifying the changes that these brought to the built environment (Section 3) and analysing examples of such infections and changes.



After this, an analysis is made of the strategies and measures that could potentially be adopted to combat the COVID-19 virus (Section 4), seeking to identify the benefits in terms of fighting COVID-19, understanding whether there are also benefits to be obtained for controlling other risks (resilience against COVID-19 and other vulnerabilities), and identifying potential contributions towards sustainability (better comfort, lower energy consumption, water and material emissions and better amenities or other socioeconomic conditions).



There then follows a discussion and an assessment as to whether the changes will be temporary (Section 5.1) and whether they will lead to a more sustainable built environment (Section 5.2).



The following aspects are considered in this assessment: (1) which solutions can best respond to the need to reduce COVID-19 risks? (2) what will be the timeframe of the measures and what degree of risk reduction will they guarantee in the fight against COVID-19? and (3) what other benefits will these measures bring in terms of resilience and other aspects of sustainability? For this analysis, three scales were defined:




	
The duration (or the need for renewal) of the solution to ensure that it continues to function as a form of risk reduction, with the following time limits being stipulated: 1 day or less, 1 month or less, 1 year or less, 5 years or less, 10 years or less or 25 years.



	
The level of benefit of potential solutions for COVID-19 risk reduction is defined on a scale from 0 to 5, where 0 means solutions that make no contribution; 1 corresponds to solutions that conform to public health conditions; 2 means solutions that reduce the risk of transmission; 3 means solutions that prevent transmission between people; 4 means solutions that prevent inter-community transmission; and 5 means solutions that provide ways of treating the virus.



	
A scale from 0 to 10 was also defined to assess the contribution of the solution for COVID-19 to other aspects of sustainability, where 1 means that the solution brings only benefits in the fight against COVID-19 and 10 means that (in addition to having benefits for fighting COVID-19) the solution is also a potential solution with very positive impacts in terms of sustainability.








These criteria were used to identify measures leading to a win-win situation of SARS-CoV-2 (COVID-19) risk reduction and sustainability. In the conclusions (Section 6), the answer to the questions raised by the paper highlights the importance of a potential rethink regarding buildings and urban areas and further research opportunities.




3. Can Infectious Disease Bring Alterations to the Built Environment?


3.1. Diseases and Alterations to the Built Environment


During the Roman Empire, the appearance of gastrointestinal problems and fevers associated with infectious diseases such as dysentery or typhoid, which spread rapidly among the legions or in the military camps, led to the introduction of hygiene measures. Moving camps for sanitation purposes to preferable sites next to rivers, using isolated tents for injured soldiers (or those displaying symptoms of infectious diseases) and sanitation (complex drainage systems) [29] were just some of the measures implemented at the time.



In the second century, Roman cities had aqueducts and water supply systems ensuring the distribution of safe drinking water. The busiest cities had public bathing facilities, as a way of encouraging hygiene habits, and sophisticated sanitation systems were developed [30]. The concern with public health and the control of infectious diseases was also addressed in the Roman Empire (27 BC–476 AD) through solutions incorporated into the built environment.



The plague, known as the Black Death or the Bubonic Plague, was responsible for several outbreaks that devastated Europe in the mid-fourteenth century, causing the death of millions of people [14]. The horror of that situation has been most expressively captured in non-scientific literature, highlighting the drama and the human strength that was required to overcome the challenges that the plague presented [31]. The disease was caused by a bacterium, Yersinia pestis, which was mainly transmitted through fleas carried by rats and other infected animals. The main form of contagion at the time was via trade routes [32].



Several measures were implemented in an attempt to contain the plague, such as quarantine or restrictions on movement [33] and the closure of ports [34]. Other more specific measures were implemented, such as closing public baths and advising people to avoid contact with animals (possible carriers of the disease) [33].



Lilley (2015) says that, after the peak of the plague in 1350, English cities began to be planned in a different and more careful way [35]. Cities were “cleared of dirty and cramped quarters” and more organised public spaces were designed. Architects and other experts began to be employed to help with the planning of cities [35]. The Black Death led to the introduction of major changes in the planning of European cities.



Inspired by the outbreaks of the plague that hit Italy, Leonardo Da Vinci imagined a modern city. The inefficiency of medieval streets was one of the main reasons why the plague spread so quickly. Leonardo made a series of drawings in which he expounded his ideas of an ideal city with modern sanitary facilities and areas designed for the circulation of horses and wagons [36]. His thoughts were too bold and did not leave the paper.



Cholera arrived in Europe in the early nineteenth century via the routes used by traders and travellers from the Middle East. It was responsible for six outbreaks that caused the death of millions of people between the nineteenth and twentieth century, making it one of the worst pandemics in history [37,38]. Quarantine measures were implemented for individuals and for cargo arriving at ports [37].



The miasma theory that was prevalent at the time stated that disease was transmitted through the air [39]. Among the supporters of this theory was Frederick Law Olmsted, a landscape architect and the designer of Central Park in New York. Olmsted believed that open green spaces in the middle of the cities injected fresh air into the environment and had positive effects in curing some diseases. At that time, investments were made in the construction of large parks in the middle of the cities [40].



It was only in 1848 that the British physician John Snow discovered that the disease was transmitted via the faecal–oral route, demonstrating that cholera was spread by water contaminated with human faeces [37,39]. Snow mapped cases of the disease in a London neighbourhood (Soho, London) and discovered a link between the infected people and a local water pump with a broken sewer pipe, dumping human waste into the drinking water consumed by those people [41].



After a cholera pandemic that hit France in 1848, Napoleon III (as the Prince-President of France) decided to rebuild the streets of Paris, creating healthier neighbourhoods. Georges-Eugène Haussmann, the prefect of the Seine département, led this mission and redesigned Paris to bring air and sunlight to the dense urban grid. More than 12,000 buildings were demolished, resulting in the present-day long avenues and tree-filled parks. An elaborate sewage system was also introduced [23,24]. Between 1853 and 1870, the sewage system in Paris increased about fourfold, with larger and wider ducts and an innovative cleaning system [42].



Tuberculosis was a disease that invaded Europe in the nineteenth century, also known as the “White Plague”. Tuberculosis experts believed in the healing properties of sunlight and air. These aspects quickly led architects to rethink the design of buildings [43]. Le Corbusier, one of the pioneers of modern architecture, designed his projects to have more sunlight and air, and one of the ways he achieved this was through balconies, terraces or flat roofs that people could enjoy [44].



Between the middle of the nineteenth century and the beginning of the twentieth century, following the emergence of tuberculosis, specialised institutions, such as sanatoriums, began to appear. These institutions received patients with long-term illnesses, mostly tuberculosis, who were thus kept isolated from society while being treated. These buildings were erected in wooded and airy, high places, providing a privileged contact with nature [45]. Most of the sanatoriums incorporated modernist aspects. They were built with large balconies and flat roofs, where patients could enjoy greater exposure to sunlight and fresh air [43,46]. The environment of the sanatoriums even inspired one of the most influential novels of the twentieth century, Magic Mountain by Thomas Mann, whose story is set in a sanatorium in Davos, in the Swiss Alps [47].



Reclining chairs, known as sun loungers, started to appear, also associated with modernism. These curved chairs, generally made of wood, had an adjustable back and footrest and were very relaxing, making them ideal for use in sanatoriums [43].



Another relevant aspect was the emergence of the “summer house”, also known as a garden house, shelter or teahouse. By the 1900s, the garden house was an extra “room” for the storage of garden equipment, such as sun loungers and for undertaking outdoor activities. But it was also an essential element in the treatment of tuberculosis, which could be used to isolate a sick family member. Not only was the patient isolated, but he/she could also enjoy the air and sunlight to help cure the disease [43].



Tuberculosis gave an influential boost to the modern architecture movement, highlighting particular architectural aspects, such as flat roofs, terraces and balconies [43].



The Spanish flu was one of several pandemics caused by the influenza virus that hit Europe. The outbreak that ravaged the continent between 1918 and 1919 was responsible for the deaths of 40 million people worldwide [48].



At the time, the field of epidemiology was growing, and there was a greater focus on the application of public health measures, compared to other outbreaks. The measures were not limited to imposing quarantine for potentially infected people. There was also a focus on the application of social distancing measures through the closure of various public spaces, such as churches, theatres and schools [14]. The wearing of a gauze mask was also one of the measures used to control the pandemic in USA cities [49].



More recently, in what we call modern times, there was a first severe acute respiratory syndrome (SARS) pandemic, caused by the coronavirus family (SARS-CoV-1). The pandemic started in 2003 [14]. Despite its high mortality rate, the pandemic was quickly controlled, with around 8000 cases being reported in 26 different countries after 8 months, mostly in China [3].



Once again, the containment measures that were applied were based on social distancing and quarantine. Many public spaces were closed, mainly in the most seriously affected cities in China. In some places, the taking of people’s temperatures was made mandatory, as, for example, at the entrance of supermarkets [3].



The SARS-CoV-1 pandemic raised the question of the influence of built environments on pandemic control, including residential buildings and hospitals. In Hong Kong, one of the cities most badly affected by the pandemic, research has identified the role played by buildings in the spread of the virus, with a focus on improving ventilation and drainage systems [50].




3.2. Urban Areas and Buildings Affect the Spread of Infectious Diseases


If the health system discovers vaccines or treatment for diseases, the need for changes in other areas (such as the built environment) is reduced. Smallpox was responsible for an average of 6% of deaths (1670–1810) due to the increase in densely populated urban areas, which had poor nutrition levels, among other problems [51]. More hygienic and comfortable housing conditions made it possible to limit infections, while the vaccines discovered in the twentieth century made it possible to reduce or even eradicate the disease.



The (formal or informal) design of heavily populated urban areas can help to either increase or decrease the probability of infection, depending on the infrastructure and other living conditions. Extended urbanisation, with the creation of more informal public areas, increases vulnerability to infectious diseases, due to demographic factors, infrastructure and governance [52].



Not only does the built environment play a part in either increasing or decreasing infectious conditions (e.g., a lake of water or poor air ventilation), but, in some specific cases, it can actually create diseases. Legionnaire’s disease is an example in which the air conditioning (HVAC), indoor plumbing and hot water systems can create new conditions for the spread of a specific disease [15].



The most relevant results of previous analyses about historical pandemic diseases are summarised in Table 1, below, presenting the main measures taken according to the behaviour that was adopted, the respective built environments and other measures.



Specific solutions were created, such as water supply systems in Roman times (second century), not only due to the need to fight infections, but also in order to improve living conditions and to create a new lifestyle model. These solutions were not applied worldwide over the following centuries because of the fall of the Roman Empire. The reasons for this are complex, perhaps resulting from a different lifestyle, and the lack of available technology, resources or knowledge.



The Black Death later led to an increase in spaces both in and between buildings and improved zoning, which perhaps not only had benefits in reducing the transmission of infections, but also in creating economic opportunities through the restructuring of markets.



Cholera had a greater impact on the design of urban areas (green spaces, wide avenues). Tuberculosis motivated changes in buildings (access to sunlight and balconies) and modern architecture, altering urban design with the introduction of compact, tall and narrow buildings and the creation of large (and green) public spaces. In the 1950s, with the discovery of antibiotics as a cure for tuberculosis, sanatoriums began to close, but their primary purpose, namely taking advantage of natural and peaceful areas with beautiful landscapes for rest and relaxation, was frequently maintained. Some of them have been adapted to new roles, operating as spas or hotels [54]. Their architectural features have also been preserved, with some of these establishments being converted into museums or even schools, such as the School of Architecture in Clermont-Ferrand [55]. These adaptations have challenged buildings and the built environment to become more flexible.



In the (twenty-first century) SARS-CoV-1 pandemic, only small changes occurred, and in very specific places, without any significant impact on the design of buildings and urban areas. Perhaps if this outbreak had been seen as a sign of future risks, the health system, society and the built environment could have been better prepared for the SARS-CoV-2 (COVID-19) pandemic.



Some cases motivated changes in urban areas (cholera), such as the construction of new sanitation infrastructures and improvements in urban planning and buildings (tuberculosis), with the emergence of new innovative architectural ideas (balconies, flat roofs, terraces). But others did not bring any major, or even minor, changes to the built environment. The changes implemented in buildings and urban areas (the built environment) are not associated with just one specific function (infections), but also involve other public health dimensions (air quality, comfort and others).





4. Rethinking Buildings and Urban Areas for Integrating Potential Measures to Control the COVID-19 Pandemic


4.1. Urban Areas


Cities are places where high population densities are in constant close contact with each other, which makes them ideal centres for the rapid spread of infectious diseases [56]. Urban design greatly influences the degree of interaction between people; in other words, the agglomeration of economic activities and services in specific areas, for example, causes a large part of the population to gather in small fractions of the overall space. Furthermore, the differentiation between housing areas and workplaces creates the need for transport links [57].



These transport requirements lead to high rates of use of public transport. And public transport is also a high-risk environment for the spread of infectious diseases, due to the large number of people gathered together in a confined environment [58].



Urban design can be an essential factor for improving public health [56]. Thus, in the context of the COVID-19 pandemic, Table 2 presents some potential solutions that can be adopted in urban areas to mitigate the spread of infectious diseases and create conditions to enhance public health.



Five different components of urban spaces are considered: street paths (pedestrian pathways, cycle tracks), public equipment (e.g., urban furniture), public transport, green areas and information technologies.




4.2. Buildings


Dietz (2019) analyses several aspects that can reduce the possibility of SARS-CoV-2 (COVID-19) transmission inside buildings, focusing on aspects such as ventilation and indoor air quality, lighting and the deposition on the surfaces of materials [18]. Indeed, there seems to be some consensus as to how certain indoor air quality conditions, especially the specific features of the HVAC system [64] or relative humidity [65,66], can influence virus activity.



Some studies show the effectiveness of certain materials in reducing the lifetime of the virus on their surfaces [67,68] and others relate the level of natural light in the building with the activity of the virus [69]. There is also some discussion about the influence of wastewater and waste collection systems on the transmission of SARS-CoV-2 [70]. Table 3 presents the potential measures that could be implemented in buildings.





5. Discussion


5.1. Which Solutions will not be Merely Temporary?


Great historical pandemics, like the Black Death [35], cholera [42] or tuberculosis [43], have leveraged changes designed to introduce protective measures into buildings and urban areas. There is some consensus as to how buildings, i.e., enclosed spaces where several people are brought together, are potential vectors for the transmission of infectious diseases, whether by airborne transmission or through aerosolised particles, such as those transmitted through touching common contact surfaces [18,80].



With the advance of the COVID-19 pandemic, many countries have adopted various temporary mitigation measures, namely social distancing, quarantine and the closure of various public spaces, schools, restaurants, workplaces and cultural spaces [81].



Various types of measures (Table 2 and Table 3) are already beginning to be considered and analysed, both for buildings and urban areas. For example: measures at the urban level to promote social distancing by widening pavements, one-way paths and social distance markers on public transport; in buildings, the selection of materials (in construction and furniture) that can reduce the residence time of the virus (e.g., copper) [67] and that are easy to clean, ventilation (components of the HVAC system [64,75] and related conditions, such as humidity [66]), waste management and wastewater monitoring [70]; an option for simple and minimalist interior designs, including the removal of carpets and rugs [76].



However, not all potential solutions will be easy to apply, making it important to consider the question from a holistic point of view and to realise what other benefits each solution can offer, namely in sustainable terms, as a contribution (or not) towards the lower consumption of resources (energy, water, materials), reduced emissions, greater biodiversity and economic value. So, the question as to whether these potential solutions will be adopted in the future and if they will be long-term solutions is a complex one to answer, depending on several factors.



In urban areas, active mobility in cities is a process that has been improving in the context of sustainable development. However, it is likely that some structural measures to further improve and promote active mobility will be implemented in several cities following the COVID-19 pandemic. Measures such as the widening of street pavements or one-way walking paths can be applied to ensure adequate levels of social distance [59], but they can also motivate people to adopt more active forms of mobility (walking, cycling, among others), thereby reducing the number of people using public transport. This helps to reduce the likelihood of contagious infectious diseases spreading among people, but also to reduce the use of public transport or personal motor vehicles, and their associated GHG (Greenhouse Gas) emissions.



As far as public equipment is concerned, there may be a promotion of hygiene care at the community level, with the distribution of small containers of disinfectant in strategic public places [59], or even disinfection systems for common contact surfaces, such as roller handrails [60]. This will be a solution that can contribute, in a way, to public health and hygiene, reducing the likelihood of virus infections. However, there are no other relevant contributions to sustainability, so this would imply a high consumption of disinfectant and regular maintenance (refilling) of the equipment.



Safe distance markers on urban furniture, such as public benches, could also be adopted. Nonetheless, their usefulness would only be short-term since they do not bring any other benefits apart from reducing the possibility of contagion between people through distance. These social distance measures that contribute only to the fight against COVID-19 could be lost as soon as the risk of contagion decreases, as was the case in previous pandemics, such as SARS-CoV-1.



The implementation of a more local provision of services (food, energy) may also become an increasing trend in large cities. To some extent, this contributes towards decentralisation and can restrict the formation of large clusters of people, a measure that can be beneficial in terms of preventing the transmission of infectious diseases, but also in reducing transport needs. However, this is a solution that needs to be adopted gradually over the medium term.



Installing support structures for active mobility (bicycle repairs, water supply for cyclists) is another solution that could motivate active mobility [60], ultimately making a positive contribution to reducing the transmission of infectious diseases, as already discussed in relation to the question of street paths.



Some changes are to be expected in public transport, namely in relation to social distancing, with the use of safe distance markers (both at bus stops and on seats), and a differentiation between entrance and exit areas [58]. There should also be a reduction in the maximum capacity of means of transport, as this prevents the spread of COVID-19 or other highly infectious diseases. The use of protective barriers for drivers and workers [61], a measure that is already being applied in several countries, not only offers protection in terms of public health, but also against other risks, namely theft. This is a solution that remains open for consideration in the future. The use of automatic doors [58] is a solution that is easy to apply and is optimal for reducing common contact surfaces, although its benefits or drawbacks to sustainability should be explored.



There may be an investment made in increasing green areas in urban zones, indirectly contributing to the fight against COVID-19 by favouring public health, while also having enormous benefits in terms of sustainability. This solution should be implemented gradually in some urban areas, in keeping with the policies of sustainable development and the fight against climate change.



In information technologies, there may be an evolution, with the emergence of software applications for risk identification and gathering information about the potential reduction in the transmission of infectious diseases. These technologies, which provide possible lasting solutions, also bring benefits in terms of sustainability, since they reduce the need for other resources, although they could, however, represent a major challenge to privacy.



As far as the shell elements of buildings are concerned (roofs, external enclosures), the improvement of certain aspects in order to improve access to natural light (glazing, skylights, orientation) is a solution that presents benefits not only for reducing viral activity inside buildings [69], but also in terms of sustainability, by improving the bioclimatic performance of buildings. These solutions contribute indirectly to the fight against COVID-19 by improving public health conditions over a large timescale (25 years or more).



Windows are fundamental for the health of a building’s occupants. [82]. In addition to allowing access to ventilation and sunlight, they are also the main point of contact with the outside, due to the visual connection that they provide. The view from windows can also make a spiritual contribution, depending on each person’s perceptions, as well as offering other benefits that can be essential during periods of social distancing [83]. Providing a window with a view, preferably of a natural landscape, can have positive impacts on mental well-being, namely by reducing stress and increasing concentration and happiness indexes and the sense of comfort [72]. It is a solution that does not directly contribute to combating COVID-19, but it can strengthen people’s psychological health.



In the case of building interiors (construction and finishing), regardless of their nature, the use of materials with a shorter residence time for the virus and the use of easily washable surfaces could effectively be a parameter in new buildings, especially in relation to common contact surfaces. The use of these materials (e.g., copper [67]) could be expensive, although it would bring essential benefits in terms of combating viral activity. It is considered that such a measure would reduce the residence time of the COVID-19 virus within the effective area, while it is further assumed that it would last at least 10 years. Hands-free door opening systems, an idea that has already been presented and discussed [73], is a solution that reduces the transmission of SARS-CoV-2 and other viruses, and it would increase accessibility for disabled people, even though it is not clear what other benefits this would bring in relation to other aspects of sustainability.



In conveyor systems or services, potential measures for reducing viral transmissions could be social distancing solutions (safe distance markers in lifts [19] and unidirectional stairs). Such measures would reduce some of the benefits to be enjoyed in other aspects, just as they would be relatively difficult to apply (mainly the one-way ascent or descent of stairs, due to the limited space in some buildings), and it would also reduce the capacity of services.



The implementation of these social distancing measures is hard to predict, because, as has already been mentioned, it is possible that when the risk of infection decreases, these benefits may be lost. It is assumed that the markers in the lifts will last for at least a year and that they are dependent on the continuation of the risk of transmission at the time. It is assumed that, since they involve certain construction requirements, the unidirectional stairs would last at least 10 years.



Wastewater management systems could be improved to reduce the risk of the spread of infectious diseases. The constant monitoring with quality testing may be justified to identify potential cases of infection in specific areas (in the case of diseases with faecal–oral transmission, such as COVID-19) [70]. This monitoring can also be useful for identifying the presence of other pathogens and even polluting particles. The suggested treatment proves effective in eliminating traces of the virus in wastewater and can be useful in eliminating other pathogens, and it could even provide a monitoring perspective of the COVID-19 situation [74]. While monitoring can be monthly, treatment should be performed daily.



Ventilation is a parameter that should be given more attention. Firstly, there is a need to rethink the situation of closed buildings that do not have flexible ventilation options. Constant ventilation is important in order to guarantee air circulation, reducing the time the virus stays in the building [18] and also reducing transmission, but it is also important to ensure good indoor air quality. In HVAC systems, on the other hand, some characteristics, such as convection cells and air handling units or filters [64], should be reconsidered due to the risks of cross-contamination.



Perhaps HVAC systems should have greater local extraction in order to guarantee a 100% indoor and outdoor air exchange, avoiding recirculation, contributing both to reducing viral transmission and better indoor air quality, but not providing as much protection as natural ventilation. Such features can easily be placed on the agenda and be considered as elements for potential certification, because they also improve the indoor air quality, but they will have an important impact on energy consumption, without any recovery heating or other measures. In short, it is a solution that would need supplementary investment and has a number of limitations in regard to its application. The same is true for the use of high-efficiency filters (HEPA) [75]. However, while these filters may have to be changed periodically (lifespan ranging from a month to a year), the remaining HVAC components will have a longer duration, around 10 years.



Further research into optimum conditions is expected to reduce the residence time of the virus in the form of aerosolised particles in closed environments, focusing on such questions as humidity or temperature. The levels of certain indoor air conditions, and humidity in particular, positively affect viral activity in the building and accelerate the deposition of other aerosolised particles [65], thus avoiding the inhalation of other pollutants or pathogens. Since this is a component of the air conditioning unit, it is considered to follow the same rationale as the heat recovery unit, with a duration of 10 years.



In systems that detect a series of risks, such as fire risk, for example, there may be an increase in the risks considered, so that systems can be implemented that also detect viruses or infectious diseases (e.g., thermal sensors). However, the constructs for sustainability need to be explored, as well as the level of investment that would be required. For an electronic system, it is assumed that such a solution would last for five years.



In energy systems, it is important to ensure that the energy continues to be supplied in the event of a pandemic, to prevent people from needing to leave. However, if the local energy production is renewable, it is useful both in terms of protecting against other vulnerabilities and for ensuring sustainability. The duration of this type of system is essential and it usually lasts for more than 10 years.



In information systems, the use of touch-free technologies (based on sensors, among other features) or digital control, substituting specific common contact surfaces like switches and other types of interfaces, should become a growing trend, in line with the current move towards the use of digitisation in construction [84]. It is a solution that has a positive effect in reducing viral transmission between humans, but it also has enormous benefits in terms of sustainability, allowing for a reduction in energy or water costs, for example. There may be a growth in information technologies, which not only make it possible to obtain information about public health, but can also be used to control indoor conditions and resources (energy, water). Based on the same logic as before, it is assumed that this solution would last for five years.



In the case of waste management in areas identified as representing a risk in terms of viral transmission, differentiated waste collection from buildings or specific places is potentially advantageous for reducing the transmission of infectious diseases and improving public health [70]. This measure also brings benefits in combating other risks and promoting public health and hygiene. Nonetheless, it is not easy to apply this measure, as it requires changes to the municipal waste collection systems. Its duration corresponds to the waste collection interval of each municipality (days).



Perhaps a simpler and cleaner minimalist design for buildings (typical of Nordic countries) will also become an increasing trend. The concept of minimalism and the banning of carpets and rugs could similarly reduce the accumulation of viruses inside the building [76], but the benefits that such solutions offer in terms of consuming fewer resources and requiring less maintenance could be very useful in terms of sustainability, depending on the adopted solution. Minimalism also makes spaces more flexible and adaptable. If the use of carpets is avoided, there is a further reduction in the use of materials (raw materials and cleaning products). It is assumed that such a measure would last for 10 years.



Perhaps the entrance to buildings should be rethought. Spacious and flexible entrances can be adapted into spaces for leaving clothes and potentially contaminated objects from the outside, and could even be equipped with washbasins [62] (or a bathroom immediately next to the entrance). This is a lasting solution that can essentially improve the hygiene and health of the building by preventing the entry of possible pathogens.



The existence of a small room to be used to isolate a resident infected with a highly transmissible disease, [62] preferably with a private bathroom, could also be a criterion for future collective housing buildings. It is a solution that has substantial benefits in preventing contagion. However, it requires more space per building and has higher energy costs.



The quarantine decreed by governments due to the COVID-19 pandemic may have shown how important it is to have access to an outside space to get air and sunlight (vitamin D) safely. Perhaps the existence of an external space (such as a balcony, terrace or even a flat roof) that is accessible to all residents may be a criterion for future buildings. These spaces can later be used as a kitchen garden, with economic and leisure benefits [26]. Besides providing advantages in terms of sustainability and other benefits, external spaces in new buildings could be used for sports and other activities. It may not be easy to create such spaces due to the building’s limited capacity (and they may even be prohibited in the regulations), and there may be special requirements needed at the level of construction (thermal bridges and others). In some cases, balconies may be enclosed in order to improve thermal insulation; however, it is important to ensure that they continue to offer conditions for ventilation and for obtaining sunlight (openings).



Another important aspect is the question of the landscape, in other words, the building’s surrounding environment. Abraham (2006) states that the characteristics of the landscape have the potential to promote health, as well as physical and mental well-being [85]. The presence of natural green spaces is one of the fundamental elements for reducing stress, increasing happiness levels, promoting the practice of physical activity and reducing air pollution and noise levels [86]. Other aspects, such as connectivity, security and the diversity of amenities, also make important contributions, especially regarding social interaction and well-being [85].



It is increasingly important to look at this aspect when thinking about the role that buildings can play in relation to human health. Although it is not a measure that directly reduces the transmission of SARS-CoV-2 or other viruses, it is nonetheless a solution that promotes public health in the long term and that may help to strengthen the population’s immune system to some extent.



At another level, there is a growing trend towards the construction of holistic, sustainable buildings and urban areas with a huge potential for disruptive leverage, not only improving resilience to infectious disease, but also responding to the challenges of climate change.



Figure 2, below, shows the ranking of these solutions for buildings and urban areas, according to the scales and evaluations explained in the methodology. This classification makes it possible to identify solutions that relate only to a reduction in the COVID-19 risk and others that are also beneficial in terms of other aspects of sustainability (win-win).




5.2. Could COVID-19 Risk Control Measures Leverage a Sustainable Built Environment?


The environmental balance of the COVID-19 outbreak reveals temporarily positive (lower energy consumption, fewer carbon emissions) and adverse effects (use of chemical reagents, viral wastewater contaminations, increases in medical waste, social poverty). Even so, the final balance depends on how this event is internalised by people [9].



Social confinement creates a win-lose relationship between health (staying at home) and the economy (reduced economic activity, reduced income, bankruptcy), social effects (unemployment) and potential gains in some environmental dimensions (lower energy consumption, fewer carbon emissions).



The COVID-19 outbreak provides clear evidence of the correlation between environmental impacts (pollution) and economic activity (GDP), which have not yet been decoupled. The challenge is to recalibrate the solutions and ensure a good environmental quality that will also benefit health [10].



The analysis of the win-win measures (Figure 2) identifies measures that are: (1) largely COVID-19 risk reduction measures that may primarily reduce the risk of transmission in potential conditions without any other benefits in terms of sustainability (win-lose); other measures that also allow for the improvement of some other aspects of sustainability, ranging from (2) incremental measures to (3) factorial measures with a win-win relationship that leverages a sustainable built environment and could even motivate disruptive changes and effective changes in terms of sustainability.



The potential measures for rethinking buildings and urban areas in these four typologies are:




	
Mainly COVID-19 risk reduction measures: safe distance markers (lifts, public transport), disinfectant, hands-free door opening or possible replacements of materials with others (such as copper) that reduce virus residence time, unidirectional stairs. When the outbreak finishes, the potential of these measures will also end, although they may return in the event of other outbreaks, so they may be considered temporary or intermittent;



	
Incremental measures: measures that will also bring benefits in terms of increasing resilience and whose potential could be adopted in the future, such as thermal sensors, new HVAC filters, touch-free digital and other IT solutions, unidirectional pedestrian paths; supplementary wastewater monitoring and treatment, more selective solid waste collection and treatment;



	
Factorial measures: measures that not only contribute to risk reduction (also increasing resilience, together with an improved public health contribution), but also increase the search for sustainability in a broader perspective: minimalist design in buildings, avoiding carpets and rugs, flexible entrance areas, balconies, landscapes and the views from windows, increasing open access to sunlight, natural ventilation, new HVAC systems in non-residential buildings (linear flow extractions, increased humidity control, recovery) with potential mixed modes and a search for near-zero energy buildings. On an urban scale: increased green areas and nature-based solutions, local food production, renewable energy supply, local closed water cycle and the search for sustainable urban areas and buildings;



	
Disruptive changes: besides the factorial measures, a disruptive option expands the level and the typologies of measures (not included in Figure 2). This will imply a change in lifestyle and the built environment in order to integrate a holistic approach with a structural reduction in resource consumptions and emissions (e.g., carbon neutral buildings), based on environmental sustainability, social inclusivity and a circular economy, of which sustainable urban areas and buildings are just one component.








These potential measures highlight different levels of contribution towards reducing risk, in which COVID-19 could leverage a sustainable built environment. They make it clear that health and sustainability cannot exist in different domains; sustainable buildings could be the bridge for increasing energy efficiency, ensuring good levels of comfort, air quality and health [87]. The lesson to be learned from this is that the built environment can offer support to the community in terms of greater resilience, and this lesson could be usefully incorporated into future planning [88].



Interconnected urban areas may have social inequalities and difficult living conditions. So, urbanisations in a global world could act as hubs for the transmission of diseases, challenging the planning process to reduce the weight of current and future infections [89] through the reorganisation of activities and the built environment.



These social inequalities mean that a fraction of the population may be more vulnerable to infectious diseases due to the precarious conditions in which they live. In the United States, for example, the mortality rate of COVID-19 has been higher among African-American populations, essentially due to the social inequalities that they experience in terms of employment and wages, and the built environments in which they live [90]. It is also important that strategic actions are taken to protect these most vulnerable populations, in order to counter the effects of the pandemic. Some of these actions involve improving housing conditions and built environments [91].



However, the benefits of each solution for sustainability can vary, depending on the reality of each country. For most of the population from poor regions or countries, guaranteeing the supply of water, energy and the collection of wastewater and solid waste will lead to a huge increase in public health and, if readily accessible, also to sustainability.



One of the consequences of the COVID-19 crisis is that it reduces available funds and potentially limits the search for sustainable development goals [92], although this could also be an opportunity for synergies that can create the conditions for maintaining the sustainability drive. Financing the construction of homes, especially in the form of affordable houses, will be a major challenge for governments and also one of the instruments that the State can use to improve welfare, as well as environmental performance and sustainable housing solutions [93].



Djalante et al. (2020) state that it is important to develop solutions and improve the response capacity to these events. Yet, at the same time, it is important to guarantee sustainable development in order to achieve the goals of the 2030 agenda [94].



One of the main challenges arising from the relationship between the COVID-19 pandemic and sustainable development is the question of mobility. The current pandemic has emphasised the importance of travelling in private vehicles to the detriment of public transport, since this can be considered a potential vector of viral transmission in the community [95]. Some of the potential solutions discussed in this paper offer an answer to this problem. They are all solutions that presuppose an investment in active mobility or the adoption of the teleworking regime. Other solutions, such as investing in touch-free digital technologies, with a lower energy consumption, can also offset the carbon emissions and energy consumption associated with this trend.



A disruptive change means a change in lifestyle, based, as Gills (2000) proposes, on a “deep restoration of the spiritual inner life of humanity”, leading to a post-materialistic philosophy and a greater awareness of the need for maintaining essential ecological processes [96]. Forrester (2020) states that vulnerability must be answered through an ethics of care and kindness with flexible planning (or management) solutions, based on self-orientation, digital information and other decentralised approaches [97].



Finding answers to the broad-scale risks and challenges brought by climate change is essential. The search for mitigation and adaptation has been challenging the built environment to respond not only to today’s needs, but also to the needs of future generations, something that is linked to the question of sustainability. We should be steering our economies towards neutral greenhouse gas emissions [98].



Keim (2008) states that climate change will increase the probability of extreme events, such as heatwaves, fires, extreme rainfall and floods and infectious diseases, among others. In turn, these phenomena can lead to public health crises, making it essential to adopt resilient solutions that will reduce human vulnerability to climate change and improve the ability to respond to emergencies [99].



Even systemic approaches can have limitations, in this case resulting from some of the aspects that have already been highlighted here, namely the definition of a scope that does not take into account the life cycle assessment of the solutions, their economic and social impact, people’s behaviour and management activities or the supply chains and their maintenance during pandemic situations [100].





6. Conclusions


The built environment has a significant impact on health behaviours and disease transmission. The relationship is a complex one and could be viewed as public health moving from a sectoral silo-based approach centred on the health system and individual behaviour to an enlargement of other systems [22], such as the built environment.



The support that is provided in fighting pandemic infections will change, depending on whether more or fewer alterations are made to the built environment. The most relevant solutions not only resolve infections, but also enhance other functions, such as improvements in lifestyle (Roman Empire). In the great historical pandemics, some cases brought changes to urban areas (cholera), such as improvements in infrastructure and sanitation or even urban planning, while other cases led to changes in buildings (tuberculosis), with the emergence of innovative architectural aspects. However, other pandemics did not bring any structural changes to the built environment. Built environment changes are considered to be one of the most important factors in a broad approach.



The primary triggers for change are the perception of future risk (Black Death) and the possibility of the pandemic happening again. Other triggers include: scientific advances and greater knowledge about diseases (cholera, tuberculosis); difficulty in containing pandemics with only behavioural measures (Spanish flu); or combined solutions that improve public health and quality of life.



Social confinement creates a win-lose relationship between health (staying at home) and the economy (reduced economic activity, reduced income, bankruptcy), social effects (unemployment) and potential gains in some environmental dimensions (lower energy consumption, fewer air emissions).



This paper supports the rationale that a structural change in the built environment occurs when there is a convergence between the possible solution factors and the triggers for an essential change. It is, therefore, important to guarantee the capacity to find answers, making adjustments and evolving in various other dimensions besides health, such as, for example, in relation to economic, social and environmental aspects.



Built environment systems must provide answers to more than one function. In order to produce effective changes that can be adopted in a general fashion, solutions must solve multidimensional problems (relating to a number of social, environmental and economic aspects), making preparations for a reduction in the current profile of infectious risks (transmission of diseases) or other risks and their changes (mutations).



This analysis has identified the first level of measures that can be introduced into the built environment, mainly in order to reduce the risk of COVID-19 infection (safety distance markers (lifts, public transport), disinfectant, hands-free door opening or the possible replacement of materials with others, such as copper, that reduce the virus’s residence time, unidirectional stairs). These measures could mainly mitigate the risk of transmission without bringing any other benefits in terms of sustainability (win-lose). Such temporary or intermittent measures would end with the outbreak.



There is a full set of measures that could also leverage sustainability aspects, ranging from incremental measures to factorial and disruptive measures. Incremental measures include: thermal sensors, new HVAC filters, touch-free digital and other IT solutions, unidirectional pedestrian pathways; supplementary wastewater monitoring and treatment measures, more selective solid waste collection and treatment; factorial measures, including minimalist design, avoiding the use of carpets and rugs, balconies, increased open access to sunlight, natural ventilation, new HVAC systems in non-residential buildings (linear flow extractions, increased humidity control, recovery) with potential mixed modes. Besides these, some disruptive changes can be considered, such as the search for near-zero energy buildings, and, on an urban scale, increased the provision of green and nature-based areas, local food production, local renewable energy supply and a local closed water cycle).



The pandemic outbreak creates an economic crisis and has major social implications for the world, opening up a discussion about which actions will lead to a more healthy and sustainable development trajectory [101]. This coronavirus pandemic will be an opportunity to adopt a wide-ranging response to the risk of infection, one in which climate change and other risks are also considered. This search for resilience must also ensure that evolution in technology and lifestyle leads to a more sustainable built environment with a positive balance between health and other social, economic and environmental aspects.



If there is a paradigm shift towards sustainable development, the benefits of any alterations can be greater and the proposed win-win approach will make it possible to identify potential solutions with a high level of sustainable buildings and urban areas (based on the supply of renewable energy, closed cycles for water and materials, resilience and socioeconomic factors). Structural leverage and disruptive change could happen if it is understood that this is an opportunity for a more profound social transformation to improve mitigation and make adaptations for climate change and environmental sustainability within the built environment. (e.g., carbon-neutral buildings).



This paper makes an innovative contribution to this subject by linking together the various pandemic challenges, providing a historical overview of the main global infectious diseases, and illustrating the changes that they have caused in built environments. It uses a systemic approach to identify the potential solutions that can be adopted in buildings and urban areas in order to reduce COVID-19 risks, linked to the dimensions of sustainability and resilience. It is hoped that the adoption of a broader strategy (moving beyond the silo-based approach of the health sector) will make it possible to leverage a sustainable built environment.



This study has made it possible to identify a full set of measures. Nevertheless, depending on the typology of buildings or areas—whether they are used for residential, commercial or other purposes—and whether the solutions take the form of new designs or refurbishment, such measures still require the guarantee of a flexible approach and much more research. Furthermore, designs that lead to an effective win-win solution in terms of resilience and sustainability are an essential area for further development and future research.
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Figure 1. Main methodological steps. 
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Figure 2. COVID-19 risk reduction measures in urban areas and buildings. 
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Table 1. Pandemic infectious diseases and their implications for the built environment.
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Epidemiological Disease

	
Dimension (% of World or Regions) and Time of Duration

	
Behaviour

	
Built Environment (Infrastructure, Buildings, Urban Areas, Green Spaces)

	
Ref.






	
Infectious diseases in the Roman Empire (second century)

	
-

	
Isolation tents near hospitals.

	
-

	
[29]




	
-

	
Infrastructure: Aqueducts, public baths, division of water and sanitation systems.

	
[30]




	
Black Death (fourteenth

century)

	
Three pandemics responsible for the death of 50–75 million people worldwide [14].

	
Quarantine and restrictions on movements. Closure of public baths and advice to avoid contact with animals.

	
-

	
[33]




	
Closure of ports.

	

	
[32]




	
-

	
Urban planning begins to create more space between buildings—Elimination of dirty and cramped neighbourhoods. Larger public spaces with more organised layouts.

	
[35]




	
Cholera (nineteenth century)

	
Six outbreaks between nineteenth and twentieth centuries, responsible for millions of deaths (50% fatality rate) [37].

	
Quarantine for individuals and cargo arriving at ports.

	
-

	
[37]




	
-

	
Green areas: Parks in the middle of cities.

	
[40]




	
-

	
Urban design: Long avenues and open spaces (e.g., Paris).

	
[23,24]




	
-

	
Sanitation: Creation of infrastructure with improved sewage systems.




	
Tuberculosis (nineteenth century)

	
The disease survived for over 70,000 years, infecting nearly 2 billion people worldwide [53].

	
Sanatoriums.

	

	
[45]




	

	
Building design: Terraces, balconies and flat roofs. Modern urban design.

	
[43,46]




	
Social isolation.

	
Building design: revolving summer houses. Furniture: reclining chairs.

	
[43]




	
Spanish Flu (twentieth century, 1918–1919)

	
Was responsible for the deaths of 50 million people between 1918–1919 [14].

	
Social distancing —closure of public spaces (churches, theatres, schools).

	
-

	
[14]




	
Use of gauze masks.

	
-

	
[49]




	
SARS-CoV-1 (twenty-first century, 2003–2004)

	
8000 cases and more than 800 deaths reported in 26 different countries after 8 months [3].

	
Quarantine and social distancing.

	
-

	
[3]




	
-

	
Local building design: Improved ventilation and drainage systems in specific areas of Asia (e.g., Hong Kong).

	
[50]
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Table 2. Urban areas: potential measures in the built environment to prevent the spread of COVID-19.
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Built Environment System

	
Measure

	
COVID-19 Benefits

	
Resilience (to Other Vulnerabilities)

	
Sustainability






	
Street paths

	
Unidirectional pedestrian paths [59].

	
Avoids people crossing with one another.

	
Useful for preventing the transmission of other infectious diseases between people.

	
The contribution is highly dependent on the adopted solution.




	
Wider pedestrian paths: reducing the width of roads (temporarily or not) and increasing pedestrian areas and cycle tracks [59].

	
Allows for safe distances between people.

	
Increases mobility and reduces carbon emissions.




	
Public equipment

	
Safety (distance) markers on benches.

	
Allows for safe distances between people.

	
Useful for preventing the transmission of other infectious diseases.

	
Less space available for services.




	
Distribution of public disinfectant containers or washing infrastructures in strategic locations [59].

	
Public hygiene.

	
Useful for preventing the transmission of other infectious diseases.

	
Greater use of cleaning (disinfection) products.




	
More local services (energy, food).

	
Decentralisation of services and greater local supply.

	
Ensures basic services available for any extreme situation.

	
Reduces the need for people to travel (benefits in terms of reduced energy consumption and associated emissions).




	
New pop-up service points: bicycle repairs and free water for cyclists and walkers [60].

	
Motivates and supports active mobility.

	
Increases mobility and reduces carbon emissions.




	
Roller handrail disinfection system [60].

	
Disinfection of a common contact surface

	
Ecological and economic balance.




	
Public transport facilities

	
Protective barriers for public transport drivers (buses, trams) [58,61].

	
Physical protection to avoid social contact.

	
Useful for other vulnerabilities, such as robberies.

	
Potentially less space available.




	
Automatic doors [58].

	
Avoids contact with common surfaces.

	
Useful for other public health vulnerabilities.

	
Must ensure appropriate use for all.




	
Differentiation between entrance and exit doors [58].

	
Avoids people crossing with one another.

	
Useful for other public health vulnerabilities.

	
Potentially less space available.




	
Safety distance markers between seats.

	
Social distancing.

	
Useful for other public health vulnerabilities.

	
Potentially less space available. Reduces energy consumption and cost efficiency.




	
Safety distance markers at stops and in waiting areas [62].

	
Social distancing.

	
Useful for other public health vulnerabilities.

	
Potentially less space available.




	
Public disinfectant containers [58].

	
Public hygiene.

	
Useful for other public health vulnerabilities.

	
Ecological and economic balance.




	
Green areas and nature-based solutions

	
Natural environments in urban areas [63].

	
Could improve public health and may also mitigate the effects of climate change [63].

	
Biodiversity and climate change.




	
Information technology (smart cities)

	
Integrates risk of new infections in IoT (Internet of things) approaches.

	
Risk identification (apps) and potential reduction in transmission through greater information.

	
Increases resilience, especially if the information allows governance with users.

	
Reduces the need for resources.
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Table 3. Potential measures for reducing COVID-19 transmission in buildings and other built environment dimensions.
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Main Group

	
Group Elements

	
Measure

	
COVID-19 Benefits

	
Resilience (to COVID-19 and Other Vulnerabilities)

	
Sustainability






	
Structure

	
Foundations

	
-

	
-

	
Reduces risk: seismic, wind and landslides. Flexibility.




	
Basement construction

	
-

	
-

	
Reduces risk: seismic, wind and landslides. Flexibility.




	
Shell

	
Super structure

	
-

	
-

	
Reduces risk: seismic, wind and landslides. Flexibility.




	
Exterior Enclosure

	
Sunlight (achieved through orientation, glazed openings and open blinds).

	
Although there is no evidence of the effect of sunlight on SARS-CoV-2 [71], some viruses, such as influenza, are sensitive to sunlight [69].

	
Good bioclimatic and energy performance.




	

	
Providing a window with a view.

	
Windows are the main point of contact with the exterior of the building. Pleasant views (e.g., the surrounding nature) can influence psychological well-being (increased concentration, reduced stress, comfort, emotions) [72].

	




	
Roofing

	
Potential openings for light or roof access.

	
Promotes natural lighting—potential outside uses.

	
Guarantees physical and thermal protection.




	
Interiors

	
Interior construction

	
Hands-free door opening (e.g., using elbow or foot) [73].

	
Avoids using your hands to open the doors, reducing the possibility of spreading SARS-CoV-1 and other viruses.

	
Access to all.




	
Interior finishes

	
Easy to clean (homogeneous without pores).

	
Easy to eliminate SARS-CoV-2 and other pathogens, avoiding other contaminations.

	
Fewer cleaning products and lower toxicity.




	
Selection of materials that reduce virus’s residence time* (e.g., copper and others) [67].

	
Positive for reducing residence time (or avoiding accommodation) of SARS-CoV-2 and other pathogens, avoiding other contaminations.

	
Important that LCA (Life cycle Assessment) and LCC (Life Cycle Cost) have a good balance for each functional unit, for example, recycled materials.




	
Services

	
Conveying

	
Lifts: safe distance markers (2 m), depending on the lift capacity [19].

	
It allows social distancing, preventing the spread of SARS-CoV-2 and other viruses.

	
More energy spent per person (reducing lift capacity).




	
Stairs allow passage to different floors (one way). Distance and direction markers on stairs.

	
Unidirectional circulation could reduce the risk of contact. Stairs ensure social distancing and direction.

	
Reduces risk of infection, but could create problems in emergencies, such as fires. Lowers the capacity of service use.




	
Water system

	
Water system.

	
Ensures appropriate hygiene conditions.

	
Balance between water supply requirements and the reduction of potable water consumption.




	
Routine wastewater testing.

	
This can be used to detect the presence of SARS-CoV-2, but also other viruses, indicating the risk of contagion [70].

	
Reduces risks.




	
Wastewater disinfection: residual free chlorine (>0.5 mg/L), residual chlorine dioxide (>2.19 mg/L) or UV radiation [74].

	
Chen et al. (2006) concluded that disinfection by UV radiation and chlorine dioxide were the most efficient means of fighting SARS-CoV-1 [74]. It may be effective against other viruses.

	
Reduces risks.




	
HVAC

	
Mixed modes, with natural ventilation.

	
Constant air renewal to reduce the possibility of the virus remaining in the form of aerosolised particles inside the building [64]. Other psychological benefits.

	
Besides reducing the risk of the virus and other microorganisms, allows for the elimination of certain polluting particles. Potential energy saving measures.




	
HEPA (high-efficiency particulate air) filters [75].

	
Capable of removing at least 99.97% of particles with sizes starting from 0.3 μm [75].




	
Heat recovery unit [64].

	
Ensures 100% separation between incoming and outgoing air [64].

	
Ensures good air quality.




	
40–60% relative humidity [66].

	
Reduces virus residence time in aerosolised particles [65].




	
Risk protection systems

	
Enlarges the risk protection system to include infectious diseases (thermal sensors).

	
Detects the presence of the virus.

	
Enlarges the risk detection system and actions to other dimensions.

	
Strong contribution to risk identification.




	
Energy systems

	
Reliable power supply ensures that not only core systems for the management of health programmes can function effectively, but also the specific building’s needs.

	
Ensures appropriate function conditions (air conditioning if necessary).

	
All activities are highly dependent on access to a reliable energy supply. The creation of a local renewable supply could help to increase the resilience of systems.

	
Potential opportunities for low carbon consumption (renewable energy) and/or local energy supply system.




	
Information systems

	
Information technology makes it possible to manage situations and users.

	
Reduces presence, optimises ventilation and other options.

	
Some devices can simultaneously reduce unnecessary energy and water consumption. Fewer disinfection products needed.

	
Prevents polluting aerosolised particles from remaining in the air longer, due to dry environments.




	
Touch-free technologies (switches and bathroom equipment).

	
Technologies, such as smartphone controls, motion sensors and voice controls, reduce the need for contact with various common surfaces and reduce the spread of pathogens.

	
Makes it possible to control other risks. Reduces manual control.

	
An optimisation solution could enable the user to control the programme by voice, in order to reduce the consumption of resources.




	
Waste

	
Specific (separate) collection for quarantined houses or areas with outbreaks of contagion: Incineration and strict disinfection of collection vehicles [70].

	
The virus can remain on plastic and other surfaces for several days. Rubbish bags can be a potential vector of transmission. Special care in areas with high risk of contagion can prevent other infections [70].

	
Lower activity reduces the amount of waste in landfills but also reduces recycling. Incineration emits polluting gases.

	
Depends on the solution and whether it is integrated into a lower consumption of resources and improves recyclability.




	
Equipment and furniture

	
Equipment

	
Ensures easy cleaning solutions.

	
Reduces the risk of cross contamination

	
Fewer disinfection products.




	
Select materials that reduce the virus’s residence time (e.g., copper) [67].

	
Positive for reducing residence time (or avoiding accommodation) of SARS-CoV-1 and other pathogens, preventing other contaminations.

	
Important that LCA and LCC have a good balance for each functional unit, for example, recycled materials.




	
Minimalist solutions, fewer places that can offer a pathway to the virus.

	
Reducing places of contamination could reduce the potential for contamination.

	
Fewer objects lead to more flexible solutions and prevent objects from falling.

	
Reduction of materials. If less toxic LCA is reduced and LCC is good, this could be a sustainable positive direction.




	
Furniture

	
Avoid using carpets and rugs [76].

	
Helps to reduces the concentration of pathogenic agents inside the building.

	
Positive, if fewer, impacts in life cycle.




	
Building divisions

	
Entrance

	
Flexible entrance (to be adapted to a decontamination zone), with washbasins at the entrance (or in bathroom) [62].

	
Prevents pathogens from entering the main building divisions (either through potentially contaminated clothing or objects, or by hand).

	
-




	
Room

	
Extra room for occupants who need to isolate [62] (preferably with private bathroom).

	
Isolation of potentially contaminated residents. Reduces risk of contagion from SARS-CoV-1 and other infections.

	
Increases the space per building and the energy consumption (as costs).




	
External spaces

	
Balconies, terraces, flat roofs

	
Provides at least one outdoor area, with considerable space.

	
Allows people to take physical exercise, get fresh air and sunlight, while avoiding social contact.

Fresh air [77] and vitamin D are beneficial for human health, including respiratory problems [78], even more so in confinement situations.

	
Thermal bridge care.

Can be used for food production and other activities [26].




	
Home gardens for food production

	
Uses external spaces for home gardens.

	
Food production with economic, recreational and health benefits [26].




	
Landscape

	
Immediate surroundings

	
Health-promoting landscapes (natural green landscapes, offering conditions of security and connectivity, as well as several amenities, including physical exercise equipment) [79].

	
Landscapes influence health and well-being. They have the potential to promote mental health, reduce stress, raise happiness levels and promote social cohesion, as well as offering physiological benefits.

	
Maintenance of ecosystem services, preparation for adaptation to climate change, guarantee of other functionalities.












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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