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Abstract

:

More than thirty years after the definition of sustainable development, the commitment to protect the planet has been renewed, and all sectors of human activity have been called to contribute to this critical challenge of our time. Therefore, the construction sector can also make an essential contribution. Designers are called upon to modify their actions to consider the environmental, social, and economic impacts during the entire life cycle of construction. The digital revolution could be a suitable opportunity for a profound renewal oriented towards sustainability. The new digital technologies and the increased computing power are useful for managing the increasing complexity in current projects and supporting collaboration between the many experts involved. The presented research analyzes the current state and identifies the signs of change and the cues to imagine possible virtuous complicity between sustainable development goals and the digital revolution’s potential, which is supported by the operational features of optimization methods. Based on this in-depth analysis, an operational strategy has been defined, combining the three macro themes usually treated separately—sustainability, digitization, and optimization. This strategy can be a valuable tool to guide designers in optimizing the process of sustainable design and regenerative construction.






Keywords:


sustainable architecture; sustainable design; innovation in building technologies; construction 4.0; digital revolution; Building Information Modeling; optimization; decision-making; integrated and sustainable approach












1. Introduction


More than thirty years after the definition of sustainable development [1], and the first forecasted scenarios for our future, the expected impact on the environment due to the evolution of human civilization is unchanged, if not worsened. Agenda 2030 renews the commitment to “protect the planet from degradation, including through sustainable consumption and production, sustainably managing its natural resources and taking urgent action on climate change, so that it can support the needs of the present and future generations” [2].



Rising global temperatures, rising sea levels, and desertification are some of the most worrying impacts of climate change that compromise the survival of many biological systems on our planet. These must be added the inevitable effects due to the increase in world population [3] and the growth of existing urban areas or the creation of new ones [2].



Therefore, climate change mitigation is one of the most significant challenges of our time, and all sectors of human activity are called upon to make their contribution. The construction sector can make an essential contribution because its environmental, social, and economic responsibilities and implications are significant. There is a renewed call for an approach that considers environmental impacts, from the design phase to the demolition/recycling phase. Designers are called to move in a context for a resilient future where resources (energy, raw materials, economic, etc.) are limited and where we must, therefore, try to make optimal use of them.



The construction sector is facing another major challenge: Entering the age of digitization, with rapid alignment with industry 4.0 [4] principles in production, construction, and management processes. It is a challenge that involves all areas and all companies, from the smallest to the largest, offering new growth and innovation opportunities. It is an opportunity to renew a sector that has always been a protagonist of “delayed innovations” compared to other human activity fields. The need for safety, procedural checks, and specific regulations, the limited diffusion of “novelties”, but above all its intrinsic inertia, due to massive and traditional connotations, have regularly characterized this sector, especially in countries like Italy so rich in history.



The situation is evolving in a new and fast way linked to two new conditions: On the one hand, there is an increasing demand for innovative “tools” that lead to design their intelligent use for buildings, districts, and entire cities; on the other hand, there is a growing need to create—or recreate—the conditions of well-being for man and to contribute to environmental quality actively.



The digitization of the construction sector is only just beginning. “Small improvements will translate into substantial benefits for companies and for society” [5], including increased productivity, management of processes with greater complexity, time optimization, increased quality, and safety, etc. Digital technologies and methodologies are multiple and apply to all phases of the construction process: From planning, design, and construction to demolition or recycling/reuse. In many contexts related to construction, the digital transformation’s focus coincides with a specific “environment”, BIM (building information modeling), a parametric system able to ensure the full sharing of information of the entire process and coordination between all people involved.



Building information modeling is not only technological innovation but is a new approach to the entire life cycle of construction, capable of generating a real cultural revolution in our sector. The key is the information that each person involved in the process generates, manages, and stores, and which is now collected and put into a single central database. Thanks to the renewed dynamics of collaboration and dialogue between all participants, BIM can generate multiple benefits for the entire construction chain regarding productivity, quality, and safety.



The presented research analyzed the construction sector’s current state and identified the signs of change for a comprehensive sustainability-oriented renewal. The research is structured on three key topics: Sustainability, digitization, and optimization. The synergy between all these studied elements generated reflections that were then translated into an operational strategy that could be a concrete demonstration of what is proposed and offered to designers. The last part of the article reported some applicative examples of the procedure developed to show the possible uses in the case of different objectives, digital models, tools, and calculation methods.




2. Research Background


2.1. Sustainable Development


Sustainable development is a development that meets the needs of the present without compromising the ability of future generations to meet their own needs [1]. This definition, developed in 1987, and the scenarios on our planet’s future, elaborated in the following years by international researchers and international bodies, seem more pertinent and appropriate to the current situation. We are facing a situation where “it’s clear that business as usual simply isn’t good enough anymore. We must do more—much more—in areas related to mitigation, adaptation, and finance to support all this work. And we must do it quickly” [6].



The climate is changing globally, and according to the IPCC—Intergovernmental Panel on Climate Change [7], this is mainly due to greenhouse gas emissions from human activities, from the use of fossil fuels, agriculture, and various land use. Climate change has a variety of impacts on our health, ecosystems, and economy, often in interaction with other factors.



In 2018 the IPCC issued a special report [8] on the impact of global warming of 1.5 °C, request by the 21st Conference of the Parties of the United Nations (COP21) [9]. The report provides a graph showing global warming from 1960 to 2017 and then estimates the future trend up to 2100. More specifically, the study notes that human activities have caused about 1.0 °C of global warming above pre-industrial levels, with a probable range from 0.8 °C to 1.2 °C and that the 1.5 °C will almost certainly be reached between 2030 and 2050 if it continues to increase at the current rate.



In the 2019 “Emission Gap Report” [10] prepared by UNEP, similar results are reported. Greenhouse gas emissions have increased steadily over the last 30 years at a rate of 1.5% per year over the last decade. Between 2014 and 2016, there was a brief sign of stabilization, and then in 2018, the record level of 55.3 Gt-CO2e was reached. The most significant contribution is fossil CO2 emissions from energy use and industry.



All these studies outline future scenarios where it is highly likely that the situation will get worse with this trend, and impacts will become more severe in the coming decades. Hence, the need to reduce greenhouse gases globally substantially to mitigate the impacts of climate change. At the same time, there is also a need to adapt, as it is impossible to prevent all impacts.



In response to these needs, there are two main drivers. On the one hand, citizens demand evidence and proof of quality and environmental performance of the products and processes they use and buy. On the other hand, governments have reviewed—and will continue to do so for the foreseeable future—their current plans and outlining long-term strategies to promote societal growth in all sectors under the sustainability umbrella.



All sectors are called upon to play their part, including the construction sector, which can substantially contribute as its environmental, social, and economic responsibilities and implications are significant. In fact, in the 2030 Agenda, there is an objective entirely dedicated to “Sustainable Cities and Communities”.



The world population will grow significantly to almost 10 billion people by 2050 [11]. Today, half of humankind, about 3.5 billion people, live in cities, and by 2030, people are expected to move from the countryside to cities, and around 60% of the world’s population will live in urban areas [2]. 95% of urban expansion in the coming decades will take place in developing countries, and today, there are still more than a billion people living in slums, and the number, rather than decreasing, is continuously increasing. Therefore, it will become increasingly important to ensure access to adequate, safe, and affordable housing and essential services for all.



The construction sector’s economic importance is based on the total annual turnover, which represents about 6% of world GDP [12]. Specifically, it accounts for 5% of total GDP in developed countries, while for developing countries, it is over 8% of total GDP. The industry is expected to grow significantly in the coming years to reach an estimated $15 trillion revenue by 2025, creating new jobs and positions. To date, it is estimated that more than 100 million people are already employed in this sector worldwide.



Finally, given the characteristics and products of this industry, it has the highest consumption of resources, raw materials, and waste production. Therefore, it has a substantial impact on the environment. It is estimated that it uses about 36% of total energy consumption with the consequent high release of CO2 [13]. About 50% of solid waste in the United States comes from construction and demolition [14]; this value in Europe is between 25 to 40% [15,16], and about 41% in Italy [17].



All these data, gathered from the most recent reports and statistics available, show that the strategies and plans outlined in past years have not led to the hoped-for improvement, and there is still much to be done. The scale and influence of the construction sector show that even small improvements in this area will substantially benefit people and the environment.



These improvements should not be ‘instantaneous’, but they should generate long-term effects and extend the concept of sustainability to the building’s entire life cycle. Improving the whole process would reduce costs and resource consumption, improve the quality of construction and the quality of materials used, contribute to a healthier indoor environment and increase sustainability.




2.2. Digital Revolution and the Construction Industry


The radical change in society that we are experiencing, due to extraordinary technological advances, is opening a new chapter in human development. The many technological innovations emerging and will probably continue to do in the coming years have integrated and generated significant changes in our daily routine and all aspects of society and industry. This change is identified as the fourth industrial revolution. An era when the gap between the digital world and the physical one is being reduced, and they will be completed integrated.



The fourth revolution that we are experiencing today can transform every industry much faster and significantly impact than any of the previous three [18]. It is based on the connection between physical and digital systems, complex analysis through Big Data, and the use of intelligent machinery interconnected and connected to the internet in all components, products, and production equipment. Industries are transforming and moving towards a “smarter” configuration in which the traditional demand for physical space is replaced by that of digital space and virtual systems.



Another of the main peculiarities of this fourth revolution is disruptive speed. Emerging technologies and innovations are spreading much faster and on a larger scale than previous revolutions. “The spindle (the hallmark of the first industrial revolution) took almost 120 years to spread outside of Europe. By contrast, the internet permeated across the globe in less than a decade” [19].



Since the presentation in 2011 of the “Industry 4.0” concept at the “Hannover Mess” event [20], it has become a widely used definition when talking about the advent of this brand-new industrial revolution, thanks to computer-physical systems, the Internet of Things (IoT), the Smart Factory and the new generation of production systems able to exchange information autonomously through Machine to Machine (M2M) communication modes.



The development of this future scenario is guided by the four key concepts of Industry 4.0 (Figure 1). Specifically:




	
Digital data, their collection, and analysis: Industry 4.0 digitizes and integrates processes vertically. All data are available in real-time, supported by augmented reality, and optimized in an integrated network. The availability of this massive amount of data, also collected with the help of smartphones, social network sensors, is an opportunity for advanced industries to develop and improve integrated solutions and products to meet end customers’ growing needs.



	
Automation: The possibility to use new technologies to develop autonomous and self-organizing systems opens new scenarios and communication channels between man-machine and machine-machine.



	
Connectivity: Industry 4.0 explores new possibilities of connection and synchronization of activities and phases that have been distinct until now, thanks to new languages and channels of wireless and non-wireless communication.



	
Digital access: Access to the Internet and internal networks is the basis and the necessary condition for implementing the previous key concepts. It allows for opening new channels of communication and access to information and collected data. The latest data available in the statistics show that until September 2020, 63.2% of the world’s population has access to the network [21].








In addition to these fundamental concepts, several technologies, also called enabling technologies [5], have been revolutionizing the entire industry in recent years. The nine key technologies [22] are: Autonomous robots, simulations, integrated systems, Internet of Things (IoT), cybersecurity, cloud computing, additive manufacturing, augmented reality, and big data (Figure 1).



Most industrial sectors have experienced disruptive changes and have reaped the benefits of industry 4.0 innovations. In this global transformation, the construction sector has also been involved, but “construction is the least digitized sector in the EU” [23]. The construction industry is the one that has been most hesitant to take full advantage of the latest technological opportunities, due to its peculiar historically reluctant and slower nature, compared to other sectors, in adopting and adapting to innovations. Thus, while most other industrial sectors can benefit from the positive consequences of this new situation—improved productivity, efficiency, or sustainability—the construction sector’s overall productivity has stagnated and remained almost flat over the last 50 years [24]. Therefore, the fourth industrial revolution may be an opportunity for the construction sector to reverse this trend. Entering the era of digitization and aligning with the key concepts of industry 4.0 can be seized as an opportunity for a profound renewal and overcoming of the internal barriers that hold back change.



The digitization of the construction sector is only just beginning, but there are signs that the situation is changing, and the “Construction 4.0” idea is emerging. Several new technologies are already available in the Construction 4.0 panorama and applicable to all phases of the construction process, such as augmented reality, drones, 3D scanning and printing, building information modeling (BIM), autonomous machines and equipment, and advanced building materials. However, which among all these technologies is the one that more than the others allow the entire construction sector to innovate by challenging its traditional processes?



BIM seems to be the answer to this question [24]. It could be the keystone of the “revolution” of Construction 4.0, supporting the entire building process throughout the life cycle and connecting and accommodating all the data and innovations of other new digital technologies.



Among the many available definitions, one of the most widespread is the one given in the English standards, which form the basis of the ISO 19650 currently in force: “Building Information Modeling (BIM)[sic] is a collaborative way of working underpinned by digital technologies, which allow for more efficient methods of designing, delivering and maintaining physical built assets throughout their entire lifecycle. Greater efficiencies can be realized, due to significant pre-planning during the design and construction phases, providing comprehensive information at handover stage” [25,26].



BIM covers all aspects, technologies, and people involved in the construction sector. It can be defined as a catalyst element, which has resulted in a rethinking of the way construction design conduction of the built environment [27].



A key element of BIM is the “I” of the acronym, i.e., information and data. It is a mechanism that allows the creation, storage, and sharing of information in a new way, one might say “revolutionary” and far superior to all other systems currently in use [28,29]. BIM can integrate, in a unique and shared model, the set of processes and information used for design, implementation, and management, through models created by all participants in the building process, at different times and also for purposes not equal to each other to ensure quality and efficiency throughout the life cycle of the product.



These revolutionary features and characteristics for the construction sector are the results of a long process of evolution that has transformed both the tools and techniques and the process itself.



Nowadays, it is possible to talk about different levels of BIM uses, levels of maturity, and the degree of interoperability achieved [30]. The evolution of BIM has also led to an increase in the number of aspects considered and included. These aspects are commonly defined as BIM’s “dimensions” BIM—2D, 3D, 4D, 5D, 6D, and 7D—and each of them corresponds to a specific aspect of the building process. The 2D and 3D dimensions correspond to the geometric aspects of the project; BIM 4D allows for the integration of time aspects; BIM 5D allows managing costs; the possibility provided by BIM to store any information allows this tool to have enormous potential in the Facility Management (FM) phase, enclosed in BIM 6D; BIM 7D, finally, concerns aspects related to project sustainability. While there are already many aspects included, the dimensions described are not exhaustive, and this list may soon be expanded with new “Ds”.



Therefore, BIM is a new approach and a new tool common to all actors in the construction process that will allow us to use virtual modeling and collect all the information needed to design and manage any aspect of the construction life, including those related to sustainability. The potential of this innovation as the heart on which to graft the whole construction process and the scale of the benefits it would bring to our industry are widely described and noted. The theory is still a long way from practice, and the possibility of managing all aspects of construction in BIM is not yet really feasible. The technical difficulties associated with the hardware available to professionals and the public administration, the cost of software licenses, etc., are just some of the problems hindering the “BIM revolution” and still require research activities to improve and disseminate it.



Finally, focusing on sustainability aspects, it must be stressed that although all construction experts are aware that they have to modify their actions to consider environmental, social, and economic impacts throughout the construction life cycle, there is still potential for significant improvements. A substantial transformation of the “mentality” is therefore necessary. The digital revolution could represent a suitable opportunity for a profound renewal oriented towards sustainability.




2.3. Optimization in Design Process


The selection of the best alternative is the optimization phase of the project. In the field of construction, this is undoubtedly an important choice—which, in addition to being complex, also brings multiple responsibilities, since other people will use the building or will be conditioned by the designed space. Many projects also have a long life, and there are also different scale projects. Although they have different societal influences and resource demands, the underlying design principles are common in all projects.



Designers have the task of making important design decisions, and any mistakes made generally have a significant impact on the result.



The design process can be described in many ways, but there are some aspects in the process that each description must contain: An acknowledgment of need, an act of creativity, and the selection of alternatives. Correctly, the following stages of the process can be identified:




	
recognition of the need or objective;



	
identification of the problem;



	
creation of one or more physical configurations;



	
study of the performance of the individual configurations;



	
selection of the best alternative;



	
testing of the prototype made.








The decision-making process is intuitive when considering problems related to individual criteria, since the decision-maker is only called upon to choose the alternative with the highest rating. However, when, on the other hand, the decision-maker has to evaluate alternatives with multiple criteria, many problems, such as the weighting of criteria, dependence on preferences, and conflicts between criteria, the decision-making process is more complicated and can be tackled with more sophisticated methods.



To address problems related to decision making, the steps to be taken are [31,32]:




	
identify the problem: Understand how many attributes or criteria exist in the problem;



	
build preferences: Collect appropriate data or information about the decision maker’s preferences and how they can be taken into account when solving the problem;



	
evaluate alternatives: Identify a range of possible alternatives or strategies to ensure that the objective will be achieved;



	
find and determine the best alternative: Select an appropriate method to assess and exceed our level of expertise and enable us to find possible alternatives or strategies.








There are many rigorous scientific approaches, but the best known and used for the decision-making process in architectural design is Multi-Criteria Decision Making (MCDM) [33]. In the broad field of MCDM, problems can be classified into two main categories [34]: Multi-attribute decision-making (MADM) and multi-objective decision-making (MODM), according to different purposes and different types of data.



Multi-attribute decision methods (MADM) are usually used to identify the optimal decision between a finite number of predetermined alternatives and discrete preference classifications. The MODM is especially suitable for the design/planning facet, which aims to achieve the optimum, considering the various interactions within the data constraints. In this way, infinite alternatives can be obtained to pursue the goal as much as possible, but without knowing what is and if there is the ideal optimum solution.



The use of computers and some of the techniques used to help the decision-making process, although not to solve the problem, where many factors must be considered as in a building project. The evolution of computers and the development of new techniques to help decision-makers have led to widespread optimization in the construction sector. To date, it is a field that is still in a complete state of development and remains little explored concerning specific aspects, such as those related to sustainability.




2.4. BIM and Sustainability Aspects


The first element to emphasize when talking about sustainability and BIM is the very association of sustainability with a specific BIM dimension. A brief search online or in contributions on the topic shows that there is some confusion about this. Together with Facility Management (FM), sustainability is one of the last aspects included in BIM. Depending on the contexts, they are associated with different dimensions: In Italy, it is associated with Italian BIM-7D, while in other countries, it is exchanged with BIM-6D. This fact highlights even more how this level has not yet been reached, and this information is not yet fully managed in the building process in the BIM environment.



For the research presented here and developed in Italy, we have chosen to report the Italian UNI standard definition that associates sustainability with 7D.



The seventh dimension of BIM is defined in the Italian standard UNI 11337-1 as: Simulation of the work or its elements according to the sustainability (economic, environmental, energy, etc.) of the intervention, as well as space, time, and production costs [34].



Building information modeling, thanks to its intrinsic characteristics and potential to generate a model updated continuously and increasingly faithful to reality, can, therefore, also be able to manage all aspects related to sustainability. Using BIM tools, it is possible to perform simulations and analysis of the performance of the sustainability of the building or even just some of its elements can be carried out: For example, it is possible to study multiple aspects, such as orientation, shape, daylighting, energy profile, materials, etc.



Although the 7D dimension of BIM is included in the standard and the literature, the reality is different. Considering, for example, the applications available to professionals, it possible to see that as the size increases, the number of applications available decreases (Figure 2).



In level 0 and for 2D, the most widespread tool is AutoCAD [35]. Although there are also other similar and opensource tools, this is the most used by architects, project managers, engineers, designers, graphic designers, urban planners, and other professionals.



The most common tools for 3D geometric modeling, corresponding to a BIM Level 1, and certified by buildingSMART [36] are: Archicad [37], Revit [38], Tekla [39], and Allplan [40].



In Level 2, there are several tools to manage relatively new aspects of BIM. The list is continuously updated. However, those that are more widespread and consolidated in professional firms for collaboration, coordination, and model-check using BIM are Navisworks [37], Solibri [41], and BIMcollab [42]. Synchro [43] and Assemble System [44] are more specific for 4D and 5D dimensions.



For BIM 6D and 7D Level 3, software like Green Building Studio [45] or the Italian usBIM platform [46] could be mentioned, but due to their limited flexibility or the extremely recent development, they cannot yet be considered tools with a wide range of diffusion and use among professionals.



Many elements influence the achievement of sustainability goals in a building project. One surprising thing that emerged is that the fundamental problem related to sustainability is “time”. The process is usually a kind of cascade process: Usually, the designers start the design process, once something of the priorities of the users has been solved, then a kind of cascade effects start to calculate other things, calculating the compliant with energy regulations, sustainable criteria, etc. The consequences of addressing the sustainability/energy aspects at the end of the design and building process remain small margins to modify the project. Creating a common data environment through BIM across the design and construction team can help teams make choices with higher sustainability impact consideration and address them earlier in the project timeline. Moreover, digital evolution has allowed all designers to use increasingly sophisticated computers and software and rely on them for advanced designs and simulations. Thanks to the exponential increase in computing power, it is possible to incorporate optimization techniques into the design process to support engineers in decision-making when it is not easy to find the optimal solution, due to many factors to consider.





3. Materials and Methods


The presented research aims to analyze the current state and identify the signs of change and the cues to imagine possible virtuous complicity between sustainable goals and the digital revolution’s potential, supported by the operational features of optimization methods.



The further intent is to translate the synergy between the three key topics—sustainability, digitization, and optimization—through an operational strategy that can demonstrate what is affirmed and support for designers.



The methodology has been tested and validated on several application examples.



The phase of study and analysis of state of the art gave the necessary input to identify the strengths and weaknesses of the proposed concept of possible virtuous complicity between sustainability, digitization, and optimization. The three topics were studied on three different keys: General overview, specific overview in the field of construction, and concrete aspects/tools to implement the proposed methodology.



This study phase was conducted by analyzing the reference literature and implementing semi-structured interviews to get the point of view of experts in the field and define the current state of use of building information modeling in the case of a design approach in which the objectives of sustainability are considered.



The Proposed Methodology


The research presented focuses on investigating and re-interpreting the transformations in our sector, paying particular attention to sustainability aspects to understand how these changes can contribute to generating new processes and behaviors in design. The study of the reference literature and the current situation, the discussion with experts, and the implementations realized using the latest generation software available have led to the definition of a replicable procedure for optimizing the design and regenerative process of construction.



Based on the whole process, there is the aim to include sustainability from the beginning of the design concept. Literature review and collected data on the actual situation and the future scenarios make us understand the urgency of not leaving this aspect out later. “Sustainability comes later,” said one of the interviewees, but sustainability should come sooner. Instead, it should be the first step. In the proposed scheme, the first step is defining the project objectives for the achievement of sustainable construction.



The study from the fourth industrial revolution has allowed us to identify the technological innovation that can contribute to transforming the design process profoundly. Building information modeling has been chosen as a digital tool to develop the proposed methodology. The BIM, thanks to its peculiarities described and analyzed previously, can reduce the fragmentation of communications between experts and collect all the information generated by different disciplines. These aspects can be the keystone to be exploited to support designers to make design choices with a greater awareness of the impact on the result regarding sustainability.



One of the topics that is most frequently dealt with sustainability is energy. So, building performance analysis could be developed to assess and evaluate various aspects as solar and thermal energy, ventilation, daylighting, building massing, site orientation, and the optimization of a building’s HVAC systems. Focusing on global challenges, these simulations are becoming increasingly important in the design process to optimize future energy consumption and ensure a good result [47,48,49]. Optimization means finding the best values of a function with the highest achievable performances under the given constraints, implied or expressed, by maximizing desired factors and minimizing the undesired ones [50]. It consists of finding the most suitable solutions among a wide range of possible options [51]. Optimization methods have been applied in different fields; of course, also in the construction one. In many architecture and construction disciplines, it is used to optimize different criteria, including those related to energy and environmental sustainability aspects.



Several tools for the energy simulation of buildings have been developed over the past decades to assess performance and energy consumption, but only a few have been developed for optimization. Despite this variety of existing tools and many agreeing on the importance of doing something about climate change, not all architectural teams use them. Or, if they are used, they are mostly used as tools for post-design evaluation [52,53]. Several studies have shown the potential to support the identification of optimal design decisions and that approximately 20% of design decisions made in the early design stage account for 80% of the total impact on the final building energy performance [52]. In these early stages, the architects can make choices oriented towards sustainability, also relying on the advice of sub-communities of practice specialized [54], but as can be seen from prior research, the task is left to the engineers to make assessments and energy optimizations at a later stage.



This situation is changing, and architecture and engineering firms are widely involved in evaluating sustainable performances. However, the assessment of sustainable optimization is still a complicated procedure, which usually requires a significant amount of effort, time, and special skills. Furthermore, to reduce coordination across the multiple actors involved, energy optimization is generally conducted after deciding on significant building elements or in 2–3 alternative solutions [55].



In the traditional process, to analyze the building performances with a specific tool, the geometric building information is extracted from the architectural drawings and documents. To use these no-BIM tools, a detailed building model is necessary, with all the information related to the characteristics of the envelope, systems, climatic data, etc. After that, the building sustainable/energy analyst uses this information to define and create the building’s thermal model with the simulation tool. The result of this dependent on the knowledge, skill, and experience of the energy analyst. Several tools for energy simulation are available. The most used pieces of software in the world for energy simulation are Energy+ [56] and TRNSYS [57]. Moreover, if these simulations are carried out to assess energy performance and optimize the design solution, an additional optimization tool is needed.



The diagram in Figure 3 shows the essential steps of a simulation and optimization process of a building in a traditional process. It starts from a 3D model from that all the available information are extracted (1); then all the specific information related to the simulation that is being done are entered (2); all these data are input for the optimization tool (3); finally, the result related to the set objectives is obtained (4).



The BIM model is a huge repository of all the data of the entire life cycle of the building. A BIM model does not only include geometric information. It is a complete digital representation of all physical and functional characteristics of the building. Perform simulations and optimization processes in the BIM environment allow us to benefit from the peculiarities of it as an independent and multi-disciplinary data repository.



Using building information modeling to optimize energy consumption, the process described earlier in the traditional way, can speed up. The scheme shows before is now simplified. The second step, which involved adding the missing data to complete the model for the performance simulate, can be deleted due to all of the available information included in the BIM model.



Figure 4 shows the process developed using BIM. It starts from a BIM model that includes information (1); the information needed for the simulation is selected and then entered in the optimization tool (2); finally, the result related to the set objectives is obtained (3).



In the development of this procedure, attention is paid to the choice of intervention strategies aimed at achieving the objectives of the project itself, minimizing the dispersion of information, and improving collaboration between the various specialists involved. Specifically, it is a sequence of steps to be able to include sustainability as a design criterion from the very beginning, using a digital model developed in the BIM field, to then arrive at the choice of optimal solutions thanks to the use of decision theory.



The methodology consists of the steps described below.








	
GOALS








The first step to be taken is to establish the goals that must be met based on the aims of the project. Besides, it is necessary to define whether there are constraints that restrict the scope of identifiable feasible solutions.



The multiple goals of an architectural project can be enclosed in the three pillars of sustainable development: environmental, social, and economic. These can include objectives, such as energy, economic, comfort, environmental, social, urban planning, etc. Within these macro-categories, specific objectives can be identified.








	
DIGITAL MODEL AND DATA SELECTION








The next steps are related to the development of the digital model and the selection of data useful for the optimization process. A digital platform (more specifically, Autodesk Revit [37]) chosen to develop BIM models is used in the implementations presented below. The BIM model is the key to the methodology. Thanks to its features already described and analyzed above, it avoids the need to collect and implement missing information to develop the entire process. Everything that is developed in the design process is contained within the BIM model. Once the goals and constraints have been set, the next step concerning the digital model of the building to explore and extract the input data necessary to develop the optimization process.








	
OPTIMIZATION PROCESS








The next phase of the methodology is the formulation of the optimization process. There are some elements common to all optimization problems, which consist of:




	
A set of independent variables or design parameters;



	
A set of constraints that bound the respective;



	
Domains of the independent and dependent variables;



	
One or more objectives to be optimized.








At this stage, it is already verified that we have all these elements necessary to build the optimization process. Then the methodology proceeds with the identification of the resolution technique to be used among all those belonging to the decision-making methods. There are many techniques applicable to complex optimization problems, but not all of them are adequate and applicable in the field of construction and for the type of information available.








	
TOOLS








In the previous phases, the objectives were identified, the digital model was developed, and the data and methods were chosen. Thanks to all this information, it is possible now using specific software to develop the optimization process and solve the problem.



There are some existing optimization tools specifically developed for that, including the resolution techniques—but thanks to visual programming tools, such as Dynamo [36] and Grasshopper [58], it is also possible to write new ones.








	
FINAL RESULT








The result of the optimization process, after several iterations and the elimination of unfit solutions, is an optimal solution or a pool of optimized design alternatives that meet the objective functions set. From this, the designer can obtain indications on the design solutions that allow him to make his choices with greater awareness and face highly complex problems, such as evaluating the sustainable aspects of construction from the beginning.





4. Results


The proposed methodology has been tested through some application cases. The examples have been diversified to achieve different goals related to sustainable design, use different tools, and calculate methods for resolving the optimization process. The case studies have been realized on prototypes to focus the attention on the whole process, rather than on the digital model development. In particular, the methodology was tested on several case studies to optimize the properties of different building components to pursue sustainability goals. In particular, the following case studies are reported:




	
Properties’ optimization of the transparent envelope;



	
Properties’ optimization of the opaque envelope;



	
Properties’ optimization of the entire envelope;



	
Optimization of façade’s geometry;



	
Volume and solar radiation optimization.








Following the steps of the proposed methodology, a description is given for the five application examples.








	
GOALS








The first case study’s objective is to optimize the thermal performance of the transparent elements present, in terms of thermal resistance [m2K/W], keeping the geometrical characteristics fixed. Specifically, we want to exploit the potential of BIM to be a database of digital objects. The example aims to compare the elements inserted in the digital model with those present in the database and make replacements if objects with “better” thermal performance are identified.



The objective set for the second case study is to optimize the thermal performance of the opaque elements present in the model, while keeping the geometric characteristics of the building fixed. Specifically, it was chosen to minimize the vertical opaque elements’ thermal transmittance value and fix a maximum threshold value.



The third application example is the extension and merging of the two previous scripts to simultaneously optimize all building envelope elements’ properties, both opaque and transparent.



The fourth application example aims to optimize the solar radiation inside the building by changing the façade cladding panels’ geometry according to their exposure to the sun.



The fifth example aims to optimize the building’s compactness ratio and solar radiation on the vertical walls. Specifically, it was decided to minimize the S/V ratio between the building’s dispersing surface and its volume by freely varying the dimensions of width, length, and height of the starting volume up to a limit set.








	
DIGITAL MODEL AND DATA SELECTION








The first three application examples were conducted on the same digital model developed in Autodesk Revit (Figure 6). The model is a simple building with 10 m by 10 m and 3 m in height. The starting building envelope consists of the following elements: The first floor is a brick slab; vertical external brick walls with cavity insulation; single-glazed PVC windows and doors; flat roof made of the brick slab and extrados insulation. No entrance doors and internal partitions have been inserted in the model; a window frame has been inserted for each side, and all four elements have different geometric characteristics.



The digital model used in the fourth case study is a volume created in Autodesk Revit (Figure 6). Contrary to previous models, the building is designed as a volume, or “mass”, consisting of surfaces only and without specific information about the building envelope. The south-facing side on which the cladding will be applied has been deformed to have different radiation over the entire extension of the façade.



The digital model used in the fifth case study is a cube created in Autodesk Revit (Figure 6). Like the previous example model, the building was designed as a volume, or “mass,” consisting of surfaces only and without specific information about the building envelope. The starting cube side is 10 m.








	
OPTIMIZATION PROCESS








The optimization process has been structured, as shown in Figure 7. After defining the target, the BIM model is drawn and linked to the visual programming program. The script developed in Dynamo allows extracting the data of the BIM model.



The extracted data are then compared with the limits and thresholds set. In the first case, transmittance data extracted from the model and those found in the database are compared. In the second one, transmittance data of the individual objects drawn are compared with the reference value from the standards. The third application is the union of the two previous ones. In the fourth case study angle of incidence of the sun on the panel and its normal vector are compared. Finally, in the fifth case study, the optimization process calculates the S/V ratio and the amount of radiation on the vertical surfaces of the volume and calculates all possible solutions based on the data and constraints set.



If the comparison of these data does not meet the set conditions, the optimization process involves going back to the digital model and making changes until the optimized solution is reached.








	
TOOLS








Autodesk Revit ® is the building information modeling tool that was selected to develop the digital model. A visual programming workspace linked to Revit ® named Dynamo is the tool used to develop the workflow by connecting Nodes with Wires to specify the logical flow. In the fifth example, it was also used Refinery [59], a dynamo plugin still available in beta version, that allows using genetic algorithms, particularly the NSGA II (Non-dominated Sorting Genetic Algorithm II) [60].



An image of the script developed for the first example concerning the properties optimization of the transparent envelope is shown as an example (Figure 8). The workflow has four main sections of nodes:




	
An initial part links the script to the BIM model and selects a specific type of family, like “window” in this example (blue);



	
A part to analyze the model instances and extract the data (green);



	
A part to analyze the database and find a better solution (orange);



	
A final part compares the different values and replaces the elements if necessary (pink).



	
FINAL RESULT








The optimization process results are an optimal solution or a pool of optimized design alternatives that meet the objective functions set.



In the first three examples, the result is the digital model optimized concerning the building envelope’s chosen property, i.e., the thermal resistance. Apparently, from the graphic point of view, there are no evident changes, but by exploring the elements and properties, the changes made by the process to the model’s glazed elements, or the thickness of the opaque elements can be found.



The result obtained in the fourth example is the cladding of the selected surface with panels of different geometry according to the solar incidence (Figure 9). Finally, the result obtained through genetic algorithms in the fifth case study is a set of possible solutions with different geometric configurations of the starting cube for the intended goal (Figure 9).



The different examples showed how it could be used to organize and sequence the steps leading to the identification and choice of the optimal solution based on the set objects. The case studies did not aim to cover the whole range of possible design choices but, starting from some simple elements, highlight their adaptability and replicability to more complex situations with different objectives and available information to achieve an optimized result.




5. Discussion


The goals of sustainable development require a significant commitment from the construction sector, as the environmental, social, and economic impacts generated by it are also significant. All activities and people working in this sector are called upon to actively contribute to the global challenge for adaptation and mitigation to climate change.



There is much potential for improvement in the construction sector if we consider that despite the wide variety of existing tools and the shared awareness of the importance of doing something about climate change, not all teams’ experts use them or if they are used, mostly as tools for post-design assessment. Although all recent technological innovations are vehicles of many benefits, they also have practical and economic limitations that limit their use and diffusion. There are also multiple risks, some of which have not yet been adequately addressed and explored, such as security, privacy, user protection aspects, or management of the enormity of the data produced.



The research presented here has been conducted through the study and in-depth analysis of the state of the art of the three chosen areas of investigation: Sustainability, digitization, and optimization. The objective was to take inspiration from these analyses to imagine possible virtuous complicity between sustainable objectives and the digital revolution’s potential, supported by the operational characteristics of optimization methods. The intent was to identify a new way to respond in the field of construction to the global challenges of sustainable development to which we are all called. A replicable procedure has been developed to optimize sustainable project characteristics. This strategy is a sequence of steps that can include sustainability parameters as a design criterion from the beginning phase, using a digital model and arriving at the optimal choice of design solutions through decision-making methods. The methodology has been tested through case studies aiming to test the procedure’s adaptability and replicability to different and more complicated situations with different objectives and information.



The building information modeling was chosen as the digital environment and tool to develop the proposed methodology. BIM can reduce some of the critical issues generated by a “group of experts” who collaborate in a project. First, the necessary information collection for the simulation and evaluation of the project choices to be adopted. The possibility to work with a digital twin of the built is an essential innovation of the process, and the data contained in the common data environment (CDE) are the heart of BIM. However, there are still several challenges to use BIM and CDE to manage all aspects of sustainability. From a theoretical point of view, it is already considered possible, but, in practice, there are still no standardized procedures and consolidated tools for the management of BIM 7D data and information. This gap between reference literature and work practice is a recurrent element in BIM. It is expected that soon this fragmented picture of building information modeling, the result of the different sensitivities of government agencies and individual professionals, will be smoothed out by the recent ISO 19650:2018 [26]. The standard primarily aims to reorganize all existing standards by providing a single internationally valid definition to exchange data and establish standard protocols for information sharing between the various stakeholders in the construction industry. Secondly, this new legislation may also be the inspiration and support needed to trigger a renewal process in those countries that are less advanced in construction 4.0.



The design process is subject to time constraints, and designers must make decisions quickly. The use of software certainly helps speed up the process, but parametric models’ creation takes time. BIM has undoubtedly proved to be a useful tool because of its parametric nature and because it allows us to quickly capture any changes and information that could be made and added by designers at any time, without the need to rewrite and redo the model entirely. Nevertheless, the methodology’s implementations have shown that many skills in BIM and visual programming are needed and must be developed from time to time based on the problem to be addressed. The designer’s dependence and skills are evident, as it was also in the research path. That is a limit that must and will be overcome thanks to the spread of these tools; some are still in beta versions, updated continuously, and modified.




6. Conclusions


The paper presented, explored, and discussed the challenges for sustainable development and the contribution that it can make, as well as the change that our industry can make. This change is believed to be fostered by the digital revolution and the integration of optimization techniques that are still underutilized today.



During this research, and the study of state of the art, standards, and the reference letter, we had the opportunity to confront experts in the field to understand the real problems that designers face. We studied the innovations of the digital revolution and identified building information modeling as the key. It is often understood as a new tool, but even more powerful is the possibility it provides a shared data environment that ensures a close coupling of work during the design and construction of a building. The different professionals work in unison with the BIM, reducing time and loss of information in favor of more conscious and shared choices that can include sustainability. These choices are often left behind compared to others because of the difficulty of finding data or the limited possibilities for changes to projects that are already well underway. The theory is still a long way from practice, and the possibility of managing all aspects of construction in BIM is not yet really feasible. Moreover, there is another area that is still under-supported in the construction industry: Optimization. The evolution of computers and the development of new optimization techniques have enabled them to be more widely used. Despite this, it remains a developing research field, especially concerning the optimization of specific construction aspects, such as those related to sustainability.



Specifically, the article proposes a methodology that exploits and combines the potential of these three areas. It is a sequence of steps to include sustainability as a design criterion from the beginning, using a digital model developed in the BIM environment to arrive at the optimal solutions using decision theory. This is then applied to some case studies that highlight how these elements can be put together and used by designers to operate in this new scenario—although these are still too few and are limited to specific objectives and situations. The examples of implementation emphasize how the methodology, starting from individual building elements, and can be used to scale the building or neighborhood to address real decision-making problems in sustainable design.



In the future, this potential (highlighted by the synergy between sustainability and the digital revolution, and supported by optimization methods) could be the answer in our industry to the increasingly stringent demands of regulations and customers on requirements and performance regarding construction sustainability.
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Figure 1. Industry 4.0: Key concepts and digital technologies (source: Image created by author C. Vite based on Roland Berger’s image). 
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Figure 2. Most common tools available and used for each building information modeling (BIM) levels and dimensions (source: Image created by author C. Vite based on GenieBelt’s image). 
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Figure 3. Outline of a traditional optimization process (source: Image created by author C. Vite). 
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Figure 4. Schema of all the data included in the common data environment of a BIM model (source: Image created by author C. Vite). Based on these considerations and the combination of the three key arguments—sustainability, digitization, and optimization—the methodology proposed in Figure 5 has been defined. 
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Figure 5. Schema of the proposed methodology (source: Image created by author C. Vite). 






Figure 5. Schema of the proposed methodology (source: Image created by author C. Vite).



[image: Sustainability 13 03041 g005]







[image: Sustainability 13 03041 g006 550] 





Figure 6. 3D views of the digital models created in Autodesk Revit ®: (a) Model used in case studies one, two, and three; (b) model used in case studies four; (c) model used in case studies five (source: Image created by author C. Vite). 
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Figure 7. The workflow of the optimization process (source: Image created by author C. Vite). 
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Figure 8. The developed Dynamo workflow. The different sections of the workflow are visible: BIM model (blue); instance analysis (green); database analysis (orange); comparison and substitution (pink). (Source: Image created by author C. Vite). 
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Figure 9. The solutions that were obtained for the fourth and fifth case studies, respectively. Specifically: (a) Optimized model on which a cladding has been realized on the south wall with panels with variable geometry; (b) some of the solutions obtained using genetic algorithms (source: Image created by author C. Vite). 






Figure 9. The solutions that were obtained for the fourth and fifth case studies, respectively. Specifically: (a) Optimized model on which a cladding has been realized on the south wall with panels with variable geometry; (b) some of the solutions obtained using genetic algorithms (source: Image created by author C. Vite).
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