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Abstract

:

The EU Green Deal, beginning in 2019, promoted a roadmap for operating the transition to a sustainable EU economy by turning climate issues and environmental challenges into opportunities in all policy areas and making the transition fair and inclusive for all. Focusing on the built environment, the voluntary adoption of rating systems for sustainability assessment is growing, with an increasing market value, and is perceived as a social responsibility both by public administration and by private companies. This paper proposes a framework for shifting from a static sustainability assessment to a digital twin (DT)-based and Internet of Things (IoT)-enabled dynamic approach. This new approach allows for a real-time evaluation and control of a wide range of sustainability criteria with a user-centered point of view. A pilot building, namely, the eLUX lab cognitive building in the University of Brescia, was used to test the framework with some sample applications. The educational building accommodates the daily activities of the engineering students by constantly interacting with the sensorized asset monitoring indoor comfort and air quality conditions as well as the energy behavior of the building in order to optimize the trade-off with renewable energy production. The framework is the cornerstone of a methodology exploiting the digital twin approach to support the decision processes related to sustainability through the whole building’s life cycle.
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1. Introduction


Europe is currently engaging the threat of climate change and environmental degradation as crucial for the preservation of our community. The strategy should be inclusive and invest in sustainable growth and transformation, adopting and boosting the vision of a modern, resource-efficient, and competitive economy. The European Green Deal [1] thus has the tasks to avoid net emissions of greenhouse gases by 2050, promoting a model of economic growth that is decoupled from resource use with a main focus on inclusivity where no person and no place have to be left behind. The European Green Deal is the action plan to make the EU’s economy sustainable, turning climate and environmental challenges into opportunities, and making inclusive the transition. The main points range between the efficient use of resources by moving to a clean, circular economy; the restoration of biodiversity; and the decisive cut of emission and soil, water, and air pollution. A selection of financing tools have also been made available to support the creation of a European Climate Law, which is needed to turn the theoretical and political commitment into a legal obligation and hence an effective action. Achieving this target will require actions by all sectors of the European economy, including investing in environmentally friendly and innovative cross field technologies [2]; supporting industry to innovate; rolling out cleaner, cheaper, and healthier forms of private and public transport; decarbonizing [3] the energy sector; ensuring buildings are more energy efficient; and working with international partners to improve global environmental standards. Energy efficiency [4] maintains a driving role, however, a holistic approach is now clearly compulsory when the Green Deal approach entails further environmentally related issues such as mobility, technology, and social inclusive methodologies. Sustainability assessment in the built environment encompasses this holistic approach and it is the direct answer [5,6] for the built environment response with the connection both with the urban and natural environments.



Rating systems are used in the construction sector to support in the life cycle design, construction, and operating of buildings [7]; however, in some cases, the labeling and the score process can lead to a point fever [8,9] that is more market-oriented [10,11] than actually focused on environmentally friendly actions [12]. Furthermore, in these cases, the voluntary certification is conceived as an arrival point when the building is realized; however, in fact it is a starting point for the life cycle assessment of the evolution of the building facing the changes that it will have during its lifespan [13,14].



The rating systems for assessing sustainability in buildings are organized in evaluation areas, which include criteria and multiple indicators for each criterion. The more points gained, thus increasing the given score, the more architectural quality, reliability, energy efficiency, economic convenience, and reduced environmental impact should be reached. Nevertheless, the score is not the unique worldwide shared definition of sustainability in buildings, since different countries have diverse national rating systems that can provide a distinct score, as similar evaluation areas have different indicator weights [15,16]. Additionally, the incessant revising of the evaluation protocols struggles to incorporate in the rating procedures an evolving concept rooted in the field experience [17,18]. The first and second generation of rating systems born in the late 1990s (e.g., LEED - Leadership in Energy and Environmental Design, BREEAM - Building Research Establishment Environmental Assessment Method, 1998–2004; SBC - Sustainable Building Council, ITACA - 2009–2012) have a building and then district focus, while in the last decades, the third generation of rating systems incorporate the social aspect as a key driver of the wellbeing in indoor space evaluation (e.g., WELL, Living Building Challenge 2006–2016), stressing the user-centered approach, although great fragmentation of perspectives persists [19,20].



An additional strength of the assessment tools is their use as guidelines in the design phase and certification framework in the construction phase; however, the voluntary nature of the instrument reduces a wider adoption and the use of the checklist as tool of evaluation, which has a static configuration, and fails in detecting possible dynamic changes. From this limit starts the idea of shifting the static approach to a dynamic real-time monitoring procedure of assessing the sustainability indicators frequently associated with energy efficacy, which represent the evaluation area with the highest percentage weight [21,22,23]. This paper, therefore, depicts a sustainable digital twin (SDT) framework, partially implemented in the pilot Cognitive Building eLUX lab at University of Brescia, and partially to be possibly executed in scalable application on further assets, aiming at the compliance verification to specific client targets (e.g., materials, green mobility, energy and environmental impact, waste management, water saving, innovation, users’ wellbeing, resilience, urban agriculture), crossing the main sustainability protocols.



The SDT leverages the IoT network installed in the educational pilot building, and it can possibly be expanded on the basis of the following described steps in order to measure and endorse the assessment of different criteria that the building information modeling (BIM) methodology empowers [24,25,26] in the direction of a green BIM concept [27,28,29,30]. The traditional static checklist for sustainability assessment becomes a dynamic cockpit driving the KPI (key performance indicator) adjusting processes timely updated by actuators through the digital twin dashboard. This paper develops a preliminary innovative idea that demonstrates the possibility to create a dynamic tunable method capable of pursuing the building in the life cycle and establishing a BIM-based structure, which includes the calculation of a significant fraction of evaluation areas and criteria where the sustainability is rooted. The method could effectively support the built environment control and monitoring to durably evolve towards a green and sustainable dimension, adopting the digital twin as a reliable AI (artificial intelligence)-based calculation environment for predictive models.




2. Background


The digital twin (DT) is a relative new trend in the construction sector [31], although it is widely used in manufacturing as one of the enabling technologies of Industry 4.0 [32]. The sustainability of the built environment, on the other hand, is a research topic that, despite its extraordinary topicality, has a long history in the construction sector. In the following part of this paragraph, the most recent issues related to rating systems for sustainability assessments and the use of BIM and IoT for the development of DT are presented.



2.1. Sustainability Rating Systems


Rating systems have been adopted in the past 15 years as instruments to assist the sustainability evaluation at building and district level. The Bruntland Report of the World Commission on Environment and Development “Our Common Future” [33] dates to 1987 and enshrines the idea of a systemic view linking the three pillars of environmental, social, and economic sustainability [34,35]. Currently, rating systems are employed in many states [36,37], adopting a main framework that is customized at national level considering cultural, geographic, and economic background [38,39] and calculation methodologies [40,41]. In this panorama, some tools have a higher rank of adoption and lead the real estate market (e.g., LEED, BREEAM, SBC) working at a cultural level by increasing the public and private sector consciousness and understanding. In the structure of the evaluation areas, in which the protocols are articulated, the energy section is predominantly significant, especially in the tools of the first generation; however, it is included in all the checklists (Figure 1), and although in most of the EU countries, specific regulations are in force, in countries where inadequate attention is dedicated to energy issues, the protocols are adopted as design guidelines from conscious designers and environmentally oriented municipalities [42].



A side effect of the rating systems checklist-based structure is that they are applied to obtain the accessible certification score for market placement in the real estate sector, rather than focusing on the whole building life cycle optimization. Furthermore, a high score cannot always be considered the best solution, as according with local specific needs, economic, structural, or technological constraints could change the game [43]. Ultimately, the significance of the rating systems relies in the control of multiple topics that are additionally linked, and strategies and technologies adopted for one indicator can empower or interfere with other indicators. For the complex nature of the phenomena, the checklist arrangement is not suitable to emphasize these correlations and to predict the possible fallouts [44,45]. The main evaluation areas shared by rating systems for building sustainability assessment are depicted in Figure 2. This figure shows the interconnections among all the various topics considered by main sustainability rating protocols and highlights the fact that many of them, even if there are some differences in the names, are shared.



The dominant protocols, i.e., LEED [46], BREEAM [47], SBC [48], ITACA [49], and DGNB - German Sustainable Building Council [50], are located in the left side and show common evaluation areas including site and location, water and energy saving, environmental impacts, materials and resources, indoor environmental quality, innovation, and regional priority. It is worth noting that in the different systems, some areas differ in name but the same indicators are included. On the opposite side and at the bottom of the scheme, the areas for the WELL rating system [51] and for the Living Building Challenge (LBC) protocol [52] are itemized.



These protocols, as mentioned above, are the third-generation protocols and are promoting a new emphasis on occupants’ health and wellbeing extending to evaluation areas included in their scoreboards. Most criteria are intended to deliver the final score of the project, however, some of them can change in time, also in real-time (such as the net positive energy, the solar glare control, the net positive waste, or mindful eating, to range over different areas) or following the maintenance schedule (such as periodic water quality testing, the change of adaptable spaces, and the post occupancy survey, which affect the Building Life-Cycle Impact Reduction calculation). As an example, in the WELL certification framework, the air quality indicators start to have a dynamic approach on the basis of sensorized environments and monitoring systems (such as the indicators air quality monitoring and feedback, air infiltration management, and self-monitoring), and feedback and data gathering involves users and building facilities. In this scenario, the idea of a bi-directional relationship between a cognitive building and its users [53,54] endorses the new approach to the SDT (sustainable digital twin).




2.2. BIM, IoT, and Digital Twin


Making a BIM model a digital twin is a matter of being able to collect, analyze, and visualize data—data collected in time series modify the way people interact with the built environment [55]. As an example, researchers are applying this concept to smart contracts [56], facility management [57], and maintenance [58].



Before the installation, the scope(s) of a sensor network must be carefully defined, with attention on where the sensor is positioned, which data are to be collected, and which protocol needs to be used [59]. Common choices [60,61] are temperature, humidity, light, sound, pressure, ultrasound, CO2, temperature, VOC, and motion sensors, but the granularity of the information to be collected must be considered when defining the number of sensors to be placed. We recommend the reader reviews [62] for a comprehensive review of the existing sensors and their performance in various context and situations.



Moreover, the communication technology is relevant because being able to easily collect data in real time is mandatory. An approach that has increased in recent literature has a possible solution—LoRa (low range) low-power wide-area network, which interconnects the sensor network so that longer ranges of some hundred meters between each node can be achieved. In this case, all sensor nodes send data through the LoRa network to a specialized node charged to gather the data and add them to the database. An example is given in [63].



Authors [64] highlight the importance of data visualization for the involvement of stakeholders, which goes in the same direction of the objective of this current research.





3. Methods and Tools


The eLUX DT, described in detail in the following paragraph, has many BIM uses, i.e., many methods of applying building information modeling during a facility’s lifecycle to achieve one or more specific objectives [65]. Some of these uses are related to sustainability and aim at involving users in reaching the goals set by the university. The four main uses of the eLUX DT in the sustainability field are illustrated by Figure 2:




	(a)

	
DT set up;




	(b)

	
Real-time data collection;




	(c)

	
Users’ behavior adaptation;




	(d)

	
Sustainability monitoring.









In the remaining part of the paragraph, each process is defined and described to provide a full picture of methods and tools used in this research, whereas an in-depth description of the structure of the DT is given in Section 3.2.



3.1. Digital Twin Set up and Real-Time Data Collection


Although eLUX DT was made well after the building was built, the process to create the DT (left side of Figure 3) was as compliant to the International Organization for Standardization ISO 19650-3 [66] as possible.



During the last major refurbishment, the BIM model in the DT, namely, the asset information model (AIM), was made upon the project information model (PIM) created in the design stage and implemented in the construction stage. The PIM, in turn, was designed according to information requirements informed by the sustainability rating protocol used. Maltese et al. [67,68] suggests using BIM guidelines for this purpose [69,70,71]. A more technical explanation of the DT is given in the case study description.




3.2. Sustainability Monitoring and Users’ Behaviour Adaptation


Focusing on sustainability, there are two main kinds of users of the data collected in the DT: those who work, teach, study, and live on the campus, i.e., the university users, and the consultants in charge of updating and maintaining the sustainability rating of the building [72,73]. The former are educated experts who can access data through complex tools specific for their job, such as, for example, BIM authoring tools. The latter need simple and usable access [74], all the more so if the aim is to persuade users to change their habits and behavior towards more sustainable attitudes.



This consideration raised two research questions:




	
How can the DT and the sensors’ network be expanded to cover more rating criteria and thus better help sustainability experts in their work?



	
How can data be better communicated to users so that they can change their behaviors to achieve greater sustainability?








Two main research activities, whose first results are described in the following paragraphs, were set up to answer these questions. To ensure that more data could be provided to sustainability experts, we carried out an analysis of the data required by some of the most common rating protocols. This analysis highlighted different types of data:




	
data required by rating protocols and already collected in the DT;



	
data required by rating protocols, not collected in the DT and included in the Industry Foundation Classes(IFC) schema;



	
data required by rating protocols, not collected in the DT and not included in the IFC schema;



	
data not needed for rating protocols, but that could be useful to improve users’ behavior from a sustainability (rating) point of view.








In addition to this classification, the necessary data were analyzed to determine the origin, the type, the intended use, the dimensional range, and the variability over time. This data analysis has a paramount importance when facing the problem of defining where to store the data in the DT.



Data already in the IFC schema, to be used by sustainability experts and with a slow variability over time, are better stored in the AIM. On the other hand, data to be fed by users, with a high variability over time and maybe not in the IFC schema, are better kept in a database connected to the AIM [75,76].



Changing the behavior of building users to achieve greater sustainability is quite complex. eLUX users are already accustomed to visualizing data on informative monitors [77] and energy control equipment [78,79] (such as the charging station of the electrical vehicle or the dashboard about photovoltaic production) [80], as well as interacting with the building through an app [81]; therefore, it was easier to retrieve information to be communicated to the users from the data in the DT in order to improve their behavior from the sustainability point of view.





4. Case Study and Results


After an exhaustive description of the case study building and the information and communication technologies used in it for the connection with the DT, we, in the remaining part of the section, illustrate two examples of the use of the DT for the continuous monitoring of LEED sustainability parameters. In particular, the first example shows how some parameters of the “indoor environmental quality” credit category are monitored during the use phase of the building, while the second illustrates how the parameters of the “materials and resources” and “indoor environmental quality” categories are updated in the case of maintenance.



4.1. The Case Study Building


The technological framework, deployed in the last 5 years through National funding programs, has promoted the eLUX lab [82] as a strategic objective of the University of Brescia [83] to boost up an advanced concept of the future buildings and shaping the multidisciplinary research in the field. The living laboratory of eLUX encompasses a group of versatile Information and Communications technology (ICT) and energy infrastructures and services, which are located in the engineering faculty area at the University of Brescia, Italy. The University of Brescia Engineering Campus is situated in the northern side of Brescia, Italy, and contains all departmental facilities (i.e., staff offices, meeting rooms, labs, and lecture halls) and campus amenities, including students’ resident home, reading rooms, a lunchroom, and a fitness center, among others. The buildings of the campus are fed by a private medium voltage (MV) power grid connected to the main network by means of a MV point of delivery (POD). All the campus facilities are connected to the MV grid through medium to low voltage (M/V) electrical substations. The power consumption of each of the building of the campus and the energy production of the renewable generators distributed in the campus is monitored through a real-time monitoring system [84].



The “Modulo Didattico” building, one of the oldest structures on the campus, was considered to be the main driver and experimental site for the design, testing, and analyzing the smart building approach. The “Modulo Didattico” hosts computer labs in the recently renovated basement, as well as classrooms on the ground and first floors. The “Modulo Didattico” building is also the headquarters of eLUX lab. IoT sensors, controllable plants, and ICT tools turned the “Modulo Didattico” building into a living environment. The building is able to automatically calculate and evaluate the use of spaces and energy-related infrastructures by collaborating (directly or by machine learning algorithms) with end-users. A graphical representation of sensors and assets of eLUX building is shown in Figure 4. eLUX lab and the IoT assets.



Measurements of indoor air quality [85] (e.g., carbon dioxide (CO2), volatile organic compounds (VOC), temperature, and relative humidity) and outdoor environmental conditions (i.e., temperature, relative humidity, barometric pressure, external irradiance) are tracked through IoT sensors, installed, separately, in the rooms and on the building roof. Feedback about the quality of the perceived comfort are collected from the users of the building through a dedicated app (Figure 5).



The information collected by the sensors and from the users can be used to optimize the daily heating ventilation and air conditioning (HVAC) schedules. Each of the parameters of the HVAC plant is monitored and can be remotely modified. A 10 kWp photovoltaic (PV) field, located on the roof of eLUX building, is connected to the main electric plant. Each of the parameters of the PV field are monitored and controlled by a supervision system. Such a system is able to forecast the power profile of PV generators the day ahead, using a mixed deterministic model and machine learning-based models. The electric consumption (in terms of active and reactive energy and power) of each of the sections of the eLUX building is monitored through a distributed monitoring system, formed by smart meters. An AC Level 2 charging station (7.7 kW/single-phase, slow, 25.6 kW/three-phase fast) is installed on the electric plant of the eLUX building. The total energy provided by the charging station is constantly monitored by a dedicated smart meter. The building is equipped with a total of seven informative monitors installed in common areas, which are used by the users to visualize to the aggregated information about the energy behavior of the building.




4.2. The eLUX Digital Twin


The building, the headquarters of the eLUXlab, hosts a small server room equipped with a hyper-converged system (produced by the company Syneto), working as a storage area network (SAN) with virtualizing capabilities, personal computers, and servers (Dell PowerEdge Server), and a real-time digital simulator (produced by OPAL-RT, CPU Intel Xeon E5, 4-core with 3GHz to 32 cores/2.3GHz, FPGA Xilinx Viretx7 485T) with power hardware in the loop (PHIL) test capabilities. The server room is responsible of physically hosting the data acquired by the plants described in the previous section. In particular, the SAN has been configured in order to store the real-time stream of data generated by the IoT sensors and transmitted on the building physical Ethernet network.



The real-time data are stored in a noSQL time series database (InfluxDB) that is potentially able to manage the stream generated by hundreds of thousands of sensors and thousands of contemporary queries. The stream of real-time data stored in the database (DB) are used to feed the DT of the building, and can be used to estimate the current level of the sustainability of the building as SDT by monitoring the information about the plants (e.g., energy production from renewables, HVAC energy consumption) and by tracking the user behavior (e.g., the total amount of recycled waste). The SAN also hosts enterprise resource planning (ERP; based on the open source Odoo framework), which is used to store the information about the assets (i.e., state of plants, components of each plant, and much more information). The architectural and structural details of the building are available through the BIM of the building. The BIM is used as the basis of the digital twin of the eLUX building and it can be connected to the data obtained by the sensors in order to highlight the current state of KPIs of the building.




4.3. Indoor Environmental Quality Monitoring


The LEED Reference Guide for Building Design and Construction [86] has some minimum program requirements (MPRs) that are the minimum characteristics or conditions that make a project appropriate to pursue LEED certification [87]. These requirements are foundational to all LEED projects and define the types of buildings, spaces, and neighborhoods that the LEED rating system is designed to evaluate. Focusing on the rating protocol for schools, among the credit category “indoor environmental quality”, one of the required credits is, for example, “minimum indoor air quality performance”, set by LEED with the intent of contributing to the comfort and well-being of building occupants by establishing minimum standards for indoor air quality. One of the requirements in this credit is “monitor carbon dioxide (CO2) concentrations within each thermal zone”. LEED requires that CO2 “monitors must have an audible or visual indicator or alert the building automation system if the sensed CO2 concentration exceeds the setpoint by more than 10%”. eLUX SDT records CO2 levels in many points inside the building.



Regarding LEED indoor environmental quality, the SDT records every change in values of temperature, relative humidity, and CO2 concentration. These three recorded parameters are used to calculate the comfort condition on a scale from 1 to 27, as described in [76]. This scale represents all the possible indoor condition states, going from 1 (best condition), to 13 (average condition), to 27 (worst condition). The best-case scenario considers (a) both the indoor air temperature and the relative humidity in the comfort range, and (b) CO2 concentration lower than 600 ppm, which means a healthy indoor air quality. The average condition (13) is defined when an issue is perceived; however, the condition is not strongly critical, i.e., the temperature is below 20 °C (a little bit cold), the relative humidity is lower than 30% (dry air perceived), and CO2 concentration is between 600 and 1000 ppm (between fresh air and lower limit of fresh air). The critical conditions are defined when the temperature is higher than 22 °C (too warm implies a reduction of optimal cognitive performance), relative humidity above 45% (wet perception), and CO2 concentration higher than 1000 ppm. Figure 6 shows an example of how sensor outputs can be processed and communicated. In this figure, each grey disk in the edges of the triangle represents the measurement of the parameter compared to the average value of the reference period (dotted circle), which in this case is the winter period. The central disk, instead, is the comfort condition calculated from the measurements gathered (from 1 (best) to 27 (worst)) and compared to the worst possible condition (dash-dotted circle); the closer the disk and the circle, the worse the indoor environmental quality.



The same information on environmental parameters and comfort conditions can be provided to more expert users via the BIM model by means of thematic plans (Figure 7), also supporting possible corrective actions to the HVAC to provide suitable indoor conditions.



Thematic plans are a useful instrument for showing data, which could be updated e.g., by using VPL (visual programming language) compatible with the BIM authoring tools (e.g., Dynamo in this case); thus, the DT is an instant picture of the real building, with a specific time stamp. Larger datasets are otherwise stored in proper database, more suitable to manage high volumes of data.




4.4. Sustainability Monitoring During Building Maintenance


Another effective example of how SDT is used for building sustainability is the case of building maintenance. In this case, the main users of the SDT are the certification experts and not the building users, and thus nearly all information is communicated directly through the BIM model. When maintenance works are carried out on the building, the DT is updated in accordance with established procedures. This keeps track of changes in all the data it contains and, as far as sustainability is concerned, ensures that the information is always up to date. Below are two examples of how the data is managed with regard to two LEED categories: “materials and resources” and “indoor environmental quality”.



In relation to the first category, “materials and resources”, one of the requirements of the LEED protocol is called “building product disclosure and optimization—environmental product declarations”. To comply with this requirement in the building, there should be at least 20 different permanently installed products sourced from at least 5 different manufacturers with industry-wide Environmental Product Declarations (EPDs) which conform to ISO 14025, and EN 15804 or ISO 21930.



In the same category, another requirement is “building product disclosure and optimization—sourcing of raw materials”. To conform to this requirement, products sourced from at least three different manufacturers that meet at least one of the LEED responsible sourcing and extraction criteria for at least 20%, by cost, of the total value of permanently installed building products should be used. The information relating to these two requirements is recorded in the DT and kept up to date in the BIM model of which it forms a part. In detail, data on EPD certifications are stored as parameters of the Revit object families (in Figure 8 the EPD consists in a document accessible by URL). Similarly, for each building or system component, information on the content of recycled material is stored in the parameters.



An example related to the EPD and the sourcing of raw materials criteria is shown in Figure 8, where a thematic plan has been created in the BIM authoring software to help in rating calculations. In the map, walls’ color matches the percentage of recycled material, but other visual output can be arranged according to the needs of the sustainability experts. In this way, the BIM supports the calculation required by the sustainability framework and can provide the consistent SDT for the life cycle and the decision making processes, updating the information on the life cycle.





5. Discussion


The DT, when looked at from the sustainability point of view, has some limitations when a SDT creation is the target [87]. In the presented case study, among these limitations, the first that can deserve a mention is that the DT has been created during a long time span and, thus, with (information) requirements changing over time. The data collection systems have been developed to ease data mining for predictive maintenance, indoor air quality preservation, space organization, and people flow optimization with the main focus on energy efficiency, given the nature of the first foundation program at the basis of eLUX development. Sustainability assessment has been added later, and this caused some problems and in progress adjustments. The creation of a SDT with the sustainability kay role could be a smarter solution to overcome some rigidity of the system. This research envisions the possibility to establish a link between BIM and the checklists (e.g., LEED or WELL checklists) to revise the building score in real-time through a continuously updated connection between sensor data of database (DB) and sustainable digital twin (SDT). However, the process of managing information through the BIM model cannot be effectively interoperable nowadays. Reference standards, particularly the industry foundation classes (IFC) 4.1 [88], do not specify a unique name and standard storage mode for much of the information required to manage rating protocols such as LEED or WELL. This limitation has been overcome in the present research with the introduction of proprietary property sets that do limit the exchange of information with third parties.



Moreover, the proposed methodology can be extended to the district level (for example, adopting the LEED neighborhood checklist and including the whole smart campus at the University of Brescia [89]).



A further possible implementation in the eLUX pilot could be the development of a dashboard to guide the sustainability and the users’ behaviors towards a more sustainable living and building management. The possibility to promote an inception of this concept in the smart [90] and cognitive buildings and campuses can enable future developments in educational buildings [91,92], where the indoor conditions are strictly related to learning performance and academic results [93]. The advantages of this approach could be also exploited in in office buildings [94], where the workers’ productivity can be boosted by comfort conditions and interactive actions that can promote the adoption of the adaptive comfort model and strategies with consistent energy saving and comfort optimization.




6. Conclusions


The paper describes the use of digital twin for sustainability assessment through rating systems such as LEED, extending its use throughout the whole lifecycle of an asset encompassing design phase as well as use phase. Leveraging the SDT in the use phase allows for a better building management and real-time sustainability evaluation, overcoming the limits of the check-listed approach of the sustainability rating protocols. The pilot eLUX building, a cognitive asset prototype, was used as case study to test the SDT-based approach and define some exemplary applications. The eLUX is equipped with sensors and monitors that gather and display the information about indoor environmental quality and occupancy flows. The BIM-based SDT could support the users’ behavior, showing a sustainability scoreboard that could be implemented by the use of the existing monitors in the eLUX building in order to show the current status and suggest and support sustainable behaviors (increase recycling, correct waste breakdown, food education, etc.). This scenario could uplift the user experience, productivity, wellness, and green mindset driven by an app for customized messages (recharge vehicles or bicycles, switch off the laptop, etc.). The SDT is oriented by the concept of green BIM, providing a methodology framework that, although in its preliminary stage, has been proven to be useful for all the stakeholders involved in the process, including people working and studying in the building.
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Figure 1. Distribution of the evaluation scores for LEED protocol and WELL certification system. 
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Figure 2. Evaluation areas in different rating systems with strategies and technologies for enabling the dynamic monitoring approach. 
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Figure 3. Working schema of eLUX sustainable digital twin for sustainability dynamic assessment. 
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Figure 4. eLUX lab and the IoT assets. 
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Figure 5. Smart Campus Unibs eLUX app. 
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Figure 6. Two winter days (a) with comfort conditions and (b) with comfort issues in MLAB2 indoor environmental quality as measured by eLUX sustainable digital twin (SDT). The grey disks picture the measured or computed values (left—temperature; right—relative humidity; top—CO2; centre—overall condition in a scale from 1 (best) to 27 (worst)). The dotted grey circles describe the average winter conditions and the dash-dotted circle in the center describes the worst possible condition, i.e., condition 27. 






Figure 6. Two winter days (a) with comfort conditions and (b) with comfort issues in MLAB2 indoor environmental quality as measured by eLUX sustainable digital twin (SDT). The grey disks picture the measured or computed values (left—temperature; right—relative humidity; top—CO2; centre—overall condition in a scale from 1 (best) to 27 (worst)). The dotted grey circles describe the average winter conditions and the dash-dotted circle in the center describes the worst possible condition, i.e., condition 27.



[image: Sustainability 13 00480 g006]







[image: Sustainability 13 00480 g007 550] 





Figure 7. Example of a thematic plan describing comfort conditions in two rooms of the eLUX building. 
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Figure 8. Example of a thematic plan and schedule with data about EPD and recycled material. 
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