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Abstract

:

Inevitably, the 21st century has initiated a series of developments in the construction industry, leading to its digitalization and resulting in a series of innovative approaches and practices. At the same time, the construction industry, being one of the main global environment polluters, should fulfil well-established, as well as novel, sustainability requirements in order to evolve in harmony with the rising concerns on the availability of natural resources. This overview study aims to present the main developments, research, and scientific challenges in the field of sustainable construction, emphasizing the field of energy. The study aims to present a state-of-the-art scientific discussion on the sustainable built environment topic by analyzing cutting edge topics in the fields of building elements and whole building energy assessment, of indoor air quality and low carbon buildings, as well as on sustainable energy systems and smart buildings. The study also presents the state-of-the-art in existing tools which are adopted for the assessment of the sustainable built environment, including the use of digital tools and building information modelling for the energy assessment of the built environment, as well as the application of Life Cycle Assessment on building-related processes. Cross cutting issues related to the analysis of the building sector in the Industry 4.0 era, such as sustainability management topics and environmental geomatics are also discussed. The study concludes in those fields which will be of interest of the scientific community in the following years, towards achieving the goals of the sustainable development of the building sector.






Keywords:


sustainable energy; life cycle assessment; building information modelling; indoor air quality; energy systems; whole building energy analysis












1. Introduction


According to the United Nations Development Programme (UNDP) [1], between the years of 2000 and 2016, the number of people worldwide without access to electricity decreased to below one billion and was reduced from 22% to 13%. The UN has predicted that the global population growth rate will decline from +1.0% in 2020 to +0.5% in 2050 and will exceed 10 billion in 2100. Yet as the global population grows, so will the necessity for affordable energy. Capitalizing on renewable energy technologies and in energy saving, promoting best practices for increasing Negawatts, and ensuring energy for all constitutes a set of major goals, not only for the Energy Union of the EU, but as well for the sustainability development goals (SDG) of UNDP. Increasing infrastructure and improving technology to allow affordable, green, and efficient energy worldwide will enable the growth and support the environment.



The Energy Union and the Energy and Climate Policy Framework for 2030 established ambitious commitments to reduce greenhouse gas emissions by at least 40% by 2030 and set an energy savings target of 32.5% by 2030. The building sector is one of the largest energy consumers in the European Union (EU), responsible for approximately 40% of the final energy demand and 36% of Carbon Dioxide (CO2) emissions, and subsequently has a significant role in the European Commission’s proposal for its energy saving goal. An estimated 97% of the EU’s building stock (corresponding to close to 30 billion m2) is considered energy inefficient, while up to 75–85% of it will continue to be utilized in 2050. The EU has proposed a set of directives to phase out inefficient buildings. The Energy Performance of Buildings Directive (EPBD), introduced in 2002 and revised in 2010 and in 2018, is the legislative and policy instrument tool to improve the energy performance of buildings across Europe, focusing on both existing and new buildings. The anticipated energy savings from the potentially appropriate application of the Directive’s articles are evaluated to be 60 Mtoe by 2020, while it requires the transformation of existing buildings into Nearly Zero Energy Buildings by 2050. Energy Performance Certificates (EPCs), introduced in 2002 as a mandatory requirement in Member States (MSs) when constructing, selling or renting a building, are an essential part of EPBD; EPCs play an important role in this process as they serve as a transparent information instrument for building owners and real estate stakeholders are among the most important information sources regarding energy performance in the EU’s building stock.



The scope of this study is to analyze the current research trends in the field of sustainable built environment, with emphasis on energy-related applications (Figure 1). The analysis is performed through an overview of the conducted work at the Sustainable Energy for the Built Environment Research Group (SEBERG) at the Kaunas University of Technology (Lithuania) within the time period 2015–2020. Over 90 studies were reviewed and analyzed, composing a study which aspires to reveal the research trends in the field in the upcoming years. The study focuses in the fields of indoor air quality, sustainable energy systems, whole building energy assessment, sustainability management, and environmental geomatics, as well as on building information modelling and life cycle assessment, tools which are valuable in achieving the goals for a sustainable built environment.




2. Major Research Advancements in the Scientific Fields of Sustainable Energy in the Built Environment


2.1. Indoor Air Quality


Indoor air quality (IAQ) matters greatly since most of people’s time is spent indoors; modern societies live, work, learn, entertain themselves and even travel in enclosed environments. The IAQ depends on the presence of pollutants in the indoor air and more attention should be payed to it, as over the past decades the sector of buildings has changed significantly. Energy efficiency regulations resulted in more airtight buildings, therefore adequate ventilation has to be provided. Mechanical ventilation is a must in almost any building, otherwise pollutants will be accumulated and will have a negative impact on the building occupant’s health, productivity, and comfort. However, installing a ventilation system does not always mean that high IAQ levels will be ensured; ventilation systems can be poorly controlled and maintained [2], or building materials, household products, and occupant activities that emit pollutants can raise problems during construction or exploitation of the building [3]; therefore, ventilation systems sometimes should not be the only strategy that is used. A previous study of Ciuzas et al. [4] showed that high IAQ in buildings could be achieved by wisely combining ventilation and additional filtration techniques of indoor air quality control; pollutant removal efficiency can increase by 20% by using these techniques.



In addition to existing building energy efficiency regulations, a number of “green” building certification programs have been developed, e.g., LEED (Leadership in Energy and Environmental Design) which is used in the United States and BREEAM (Building Research Establishment Environmental Assessment Method) used in the United Kingdom [5,6]. The impact of buildings on the environment throughout their life cycle is certified under these programs, evaluating such criteria as energy consumption for space heating and cooling, water consumption, indoor environment, pollution, waste management, ecology, etc. According to Wei et al. [7] only 7.5% of the total evaluation of the building is related to IAQ assessment. The main indoor air pollutants suggested to be evaluated in these certification programs are carbon dioxide (CO2), formaldehyde, and other volatile organic compounds (VOCs), with only 6.7% of certification programs suggesting ozone (O3) and SVOCs. Unfortunately, these certification programs are applied on a voluntary basis and are not mandatory for all buildings. The main pollutant suggested to be evaluated in national regulations is usually CO2 [8] while other pollutants, such as VOCs should also raise concern, as these pollutants are suggested to be called “modern exposure”, meaning that there is a variety of such pollutants and it is related to new materials, products, and changed occupant activities [9]. Following the recommendations of selecting environmentally friendly materials in order to have sustainable building does not ensure high IAQ level either. Several previous studies show that “green” building materials also emit pollutants, but in much smaller quantities [10,11].



In terms of IAQ in enclosed environments, many factors have to be taken into a count, e.g., distribution of gaseous pollutants can be affected by dynamic (generated by ventilation system) and convective (generated by heating systems, occupants or equipment) flows. Combined impacts of mixing ventilation and heating systems on dispersion of volatile organic compounds emitted at near-floor level was investigated by Stasiuliene and Jurelionis et al. [12,13,14,15]. Experiments and CFD simulations have shown that pollutant dispersion depends on the heating system type ([12,13,14,15]. If occupant is present, the convective boundary layer of the occupant entrains pollutants from lower parts of the room to the breathing zone; relative pollutant concentrations in the occupant breathing zone compared with warm air heating were lower with underfloor heating by 12%, and 24% with radiator heating [16]. Combined impacts of heating and mixing ventilation in sport halls were investigated by Seduikyte et al. [17]. CFD simulations showed that with the same heating output for air heating, underfloor heating combined with mechanical mixing or displacement ventilation ensures higher temperatures in the occupied zone, creating a potential for energy savings.



Furthermore, while discussing IAQ control strategies indirectly related to ventilation, it has to be mentioned that the quality of ventilation depends not only on the amount of air that is introduced to the space, but also on the position of air inlets and outlets devices, and air supply pattern or air supply velocity [18].



Increased airtightness of buildings has a chain effect on the amount of pollutants in the building and human health (Figure 2). Due to the wide variety of pollutants, pollutant monitoring technologies should play significant role in the very near future as the technologies of lower cost sensors evolve fast [19,20,21].




2.2. Sustainable Energy Systems for the Built Environment


Several parameters have led in the recent years to the promotion and penetration of renewable energy technologies into the built environment. These can be summarized as follows:




	
the fact that the fossil energy sources are limited



	
the environmental issues resulting from the careless consumption of energy related to the greenhouse effect



	
the energy security issues that arise with the use of non-indigenous energy resources








The energy scientific community is under pressure to improve the conditions under which the renewable energy resources are exploited in terms of their efficiency and their integration into the built environment. To this end, the scientific initiatives and the research reports related to the topic of the integration of renewable energy technologies into the built environment are numerous [22].



Concerning biofuels, the main technological application which is employed in the built environment is the biomass boilers, mainly exploiting solid biofuels (pellets). Environmental concerns concerning the pollutant emission of such boilers are limited with the use of competent European standards, which are included in the eco-design package of regulations. Topics regarding the class of biofuels burnt in biomass boilers are also governed over a series of European standards, which describe the elemental and proximal necessities of the applied fuels. Research concerning the management of ash also delivered reliable solutions for the exploration of this waste stream in an ecologically friendly method [23].



Solar thermal technologies represent one of the most mature and well-established methods of heat production for the built environment. As early as the 1970s, this technology was widely used in southern Europe to eliminate the energy needs for domestic hot water. In some parts of southern Europe, the use of a solar thermal collector can meet more than 50% of the annual needs of a building in domestic hot water, where this percentage is lower for northern European countries. Research initiatives in this area focus on the promotion of alternative materials and collectors, in addition to the flat collector, which will result in increased efficiency, as well as in the analysis of their energy performance [24]. Several studies were also implemented, with the aim to improve the design of solar thermal collectors through the adoption of more environmentally friendly practices [25,26]. The penetration of solar thermal technologies into northern European countries, where their contribution to the energy mixes is still limited, is also another topic of scientific interest [27,28].



The number of shallow geothermal energy installations has been increasing all over Europe over the last decades due to their increased energy efficiency as well as on the basis of policy initiatives aiming to the increase in the use of renewable energy technologies. In Nordic countries, geothermal heat pumps have achieved significant rates. This is also the case in other European countries with rather cold climates, such as the Netherlands, Germany, France and Austria, while Sweden is the front-runner of the EU market [29]. In 2016 it is estimated that over half a million of heat pumps were installed in Sweden. The lack of a regulatory framework for the operation of geothermal heat pumps at European level results in research initiatives, with the aim to draft and develop the required technical standardization [30].



As far as wind energy is concerned, there are obvious limitations for the integration of wind turbines to the built environment, mainly related to the limited efficiency of the technology, as well as the restrictions which are met for the wind potential in the built environment [31,32]. However, a promising application which has recently been investigated concerns the wind to thermal conversion technologies for heat production (Figure 3). Wind to thermal energy technologies, although they have been explored systematically since the 1950s, did not attracted much interest. Novel wind to thermal energy conversion systems, which could be installed and exploited in areas of high wind potential and increased needs for space heating have been recently investigated. The rationale of this application concerns the heat produced by a hydraulic system due to friction losses. The energy required to drive the hydraulic pump in this case is provided by a wind turbine [32,33,34,35].




2.3. Building Energy Assessment


The research on the energy efficiency of the building sector has been at the forefront of the research activities in the field of energy sciences, as buildings are one of the major energy consumers of all developed states. The European and national policies on the field of energy savings in the built environment were initiated back in the mid 1970s, starting from the era of the oil crisis [36]. The document, though, radically revised the conditions in Europe in the field of energy efficiency of buildings and led to a significant transition in the way the EU member states develop was the EPBD directive, namely the directive on the energy performance of buildings [37]. This directive, which was further enhanced with the successional recasts of 2010 [38] and 2018 [39], introduced among other elements:




	
The minimum requirements of building elements with regard to their energy performance



	
The certification of buildings with energy performance certificates, requiring the whole energy assessment of buildings



	
The development and realization of the nearly zero energy building concept



	
The necessity for the development of a joint methodology for the definition of the energy performance of buildings, based on regulations and standards








The research in the field of building physics and energy has been aligned since the early 2000s on these elements, with the aim to deliver the required knowledge to satisfy these requirements.



Concerning the analysis of the energy performance of building elements, scientific work has been implemented in the investigation of the thermal properties of novel thermal insulating materials, such as for example phase change materials [40]. The nature of research has been both experimental, as well as numerical [41,42], the latter being mainly based on finite element methods.



A relevant topic which has been of the highest interest of the building physics research community is the investigation of the performance of thermal bridges [43,44,45]. A thermal bridge is an area or a component of an object which has lower thermal resistivity than the surrounding materials, producing a pathway of a higher rate of heat transfer [46]. As the legislative requirements for enhanced insulation of building components are becoming firmer, the significance of avoiding thermal bridges in low energy buildings is also increasing [47].



The whole building energy assessment contains both research on the performance of the entire building shell with regard to divert climatic conditions, and the thermal comfort. Both disciplines are analyzed with the use of heat transfer modelling, as well as with the exploitation of principles related to fluid mechanics, mainly concerning the behavior of the indoor air. Studies in this field focus on issues such as the definition of the thermal stratification and of the ventilation performance in thermal zones which are ventilated with the use of mechanical systems [17]. Research has also been documented in different types of buildings, including offices, educational buildings, and even greenhouses [48] (Figure 4).



In the field of nearly zero energy buildings, the current trails in research emphasize the development of scenarios for achieving nearly zero energy buildings under conditions of either high heating and cooling loads, or in countries where the energy mix neither provides off side renewable energy supply, nor do the conditions allow the integration of on-site renewable energy technologies [49]. The integration of zero energy buildings into smart cities also constitutes a major research challenge which has been under investigation in recent years [50].



Concerning the future challenges in the field of energy efficient buildings, these are anticipated to include the development and establishment of the Smart Readiness Indicator (SRI) of building equipment. Among the new elements introduced to the revision of the Directive is the introduction of an optional European scheme for rating the “smart readiness” of buildings for the promotion of smart building technologies. The smart readiness indicator (SRI) for buildings will be employed for measuring the capacity of buildings to use information and communication technologies (ICT) and electronic systems for adjusting the operation of buildings to the needs of the occupants and the grid and consequently also improve the energy efficiency and overall performance of buildings. The establishment of the SRI is expected to increase the energy use awareness of building owners and occupants and exploit the opportunities for energy and cost savings, acquired with the installation of devices and equipment for building automation and for the electronic monitoring of technical building systems. This will provide readily available data to the occupants about the actual energy consumption of the building, as well as the actual savings that are achieved with the new enhanced functionalities.




2.4. Sustainability Management


With the acceleration of the 4.0 industrial revolution, the construction industry is facing challenges to increase productivity and efficiency, as well as to improve the value of infrastructure and enhance quality following the principles of sustainability. Sustainability management is therefore a major field of scientific interest in the sustainable built environment (Figure 5). In view also of the necessity for the development and establishment of a smart built environment, as well as smart cities, a non-exhaustive list of topics included in the field of sustainability management of the built environment may include topics such as



	
Construction management, using digital construction tools



	
Sustainability management, aligned with best practices in the field of sustainable built environment (eg buildings sustainability schemes)



	
Facilities management, by employing state of the art technologies such as digital twins and digital asset management



	
Smart buildings and smart cities management, with emphasis on the integration of smart buildings into smart cities’ infrastructures



	
Resources and funding required for smart buildings and smart cities management






Taking the Republic of Lithuania as a case study of an EU member state, and according to data from 2019, the state had 28.1 thousand buildings with a total area of 10.5 million m², and 77 thousand kilometers of roads and railways. The residual value of these assets is €5 billion, of which €180 million is allocated for the maintenance of buildings, and €500 million per year for road maintenance. Analyzing the costs of building maintenance in the life cycle of a building, it is seen that 3% of the assets concerns design costs, 17% is allocated for construction, and 78% of the invested assets is incurred during the operation of the building; 2% of the total amount is for the demolition phase [51]. These facts and numbers emphasize the significance of the sustainability management sector in the field of sustainable built environment.



Sustainability management in the EU is regulated by legal acts, directives, regulations and standards. The primary document which leads to sustainability management is ISO 37120:2018, a document which defines and establishes methodologies for a set of indicators to steer and measure the performance of city services and quality of life. This document follows the principles set out in ISO 37101 and can be used in conjunction with ISO 37101 and other strategic frameworks. ISO 37120:2018 is applicable to any city, municipality, or local government that undertakes to measure its performance in a comparable and verifiable manner, irrespective of size and location. The indicators included in this standard and the associated test methods were developed aiming to support cities to



	
measure performance management of city services and quality of life over time,



	
learn from one another by allowing comparison across a wide range of performance measures, and



	
support policy development and priority setting [52].






In ISO TR 37121:2017, an inventory of existing guidelines and approaches on sustainable development and resilience in cities is provided [53].



Sustainability management is increasingly spread in the scientific field of construction engineering. The background of this approach is that construction engineering is not only construction design and construction processes, but also the planning and management of construction, maintenance, reconstruction, and real estate (RE) management [54]. During the decade 2009–2019, 38993 scientific papers on the topic of sustainability management were published in the Web of Science database (Figure 6). Web of Science search results show that sustainability management is continuously increasing, revealing the potential of sustainability management (Figure 6 and Figure 7).



Building sustainability assessment schemes (BSAS) are vital for evaluating, assessing, and implementing sustainability objectives throughout the life cycle of a building [55]. Typical examples of BSAS are LEED, BREEAM, DGNB and the recently launched EU scheme Levels [56]. Also, sustainability aspects and their peculiarities are essential to an aging society in the design and management of their living environment. They highlight the critical issues of sustainable aging and offer the possibility to complement existing design concepts with a biophilic design concept to strengthen their social, psychological, and environmental aspects [57,58].



Tailored models and tools for the assessment of the sustainability of specifically social and public housing have also been recently developed. Klumbyte et al. [59] investigated the main steps through the development of a Suppliers Inputs Process Outputs and Customers (SIPOC) system for building management assessment, with a focus on social housing. The scheme was further developed for sustainable real estate management, including the documentation of building requirements, the assessment of buildings’ compliance with established requirements, the assessment of buildings against their compliance with applicable requirements, and the assessment of decisions on alternatives for real estate (RE) management [60].



Another field of scientific interest is the integration of sustainable practices and sustainable buildings into smart cities. Smart cities are expected to prevail in the European built environment in the following years. The key points which are expected to regulate energy management in upcoming smart cities is also a topic of interest for the scientific literature and initiatives in the field of construction management [61]. The concept of smart buildings has been developed in parallel with the concept of smart cities. Therefore, tasks related to the required practices to integrate smart buildings into smart cities also present significant interest [62]. The investigation of financial management aspects of the built environment and supporting schemes towards transition to a sustainable environment also concerns the scientific community of Sustainability [63,64].




2.5. Building Information Modelling


Building Information Modelling (BIM) is a procedure of the development of a smart model that links the Architecture, Engineering, and Construction industries, enabling effectiveness in design, construction and operation of buildings and infrastructure. The engineers draft digital-based models in BIM software that encompass data related to the buildings’ physical and functional features. The competitive benefit of BIM technology compared to contemporary techniques is the teamwork of AEC experts on a joint model database allowing the efficient data exchange within the overall project life cycle. The model data describes valued information such as design essentials, as well as the performance and relation among model components. To this end, any variations in the model’s elements enable a fast and precise update of the view of all linked sections.



BIM can be adopted at any stage of the construction of a building or an infrastructure, namely the design stage, the operational stage, or the post-construction stage, as presented in [65].



	
Typically, in the design stage, aspects of architectural design, structural analysis, mechanical, electrical, and plumbing (MEP) assessment, as well as other analysis including environmental and energy assessment are implemented.



	
The implementation of BIM during the construction stage includes the monitoring of the construction progress, as well as health and safety issues.



	
Post-construction BIM is related to the monitoring of the operation of a building, typically in terms of digital twins and the application of IoT and machine learning practices.



	
Additionally, BIM is employed for the post-construction assessment of the buildings’ operational assessment, including actual energy behavior.






Some of the advantages of using BIM include the better collaboration and communication between the design engineers, the cost estimation of the model, the increased productivity, the enhanced scheduling, the improved coordination and the reduced cost and mitigated risk. BIM represents the epitome of digital design techniques and constitutes one of the major streams of the Industry 4.0 era. The integration of BIM into buildings design-related processes is a practice compatible with the sustainability features of the built environment. [65] Unavoidably, BIM has already been integrated into the Construction Sector of numerous European Member States, as well as into the European Union Acquis, allowing the development of policies on digital transformation of the built environment [66,67]. BIM is applied in a wide range of fields of the building sector (Figure 8), including the energy assessment of buildings 25 and the whole life cycle assessment of buildings [68], as well as of specific building elements such as Plumbing and Electromechanical (PEM) applications [69].



Typical applications of BIM include:




	
The design of potential installations of renewable energy technologies in buildings [71]. In this application, an accurate 3D model of a specific area can be reconstructed with the use of photogrammetry, and the energy yield can be calculated with the use of photovoltaics (PV) panels.



	
The development of digital models of urban blocks and cities [72]. The digitalization of the built environment allows the implementation of digital twin technologies for the monitoring and management of city assets. The digitalization of the whole life cycle of the built environment enhances the public’s quality of life, encourages an innovative culture, delivers more value and increases productivity for cities and infrastructure. Digital city models are intended for objects scanning and the development of digital models with accurate geometry. Possibilities to add attributes, such as energy performance indicators and asset tagging, and to analyze the texture and views with Artificial Intelligence algorithms are also possible. Photogrammetry can be employed to gather digital data about existing buildings and assets.



	
The development of tools for increasing the efficiency of the life cycle processes of public sector structures using BIM [73].



	
The use of BIM for the dynamic energy assessment of buildings, and specifically for the energy classification of buildings, will enable the issuance and update of new energy performance certificates (EPCs) on a regular basis [74].









2.6. Environmental Geomatics


Geomatics is defined as a systemic, multidisciplinary, integrated approach to selecting the instruments and the appropriate techniques for collecting, storing, integrating, modelling, analyzing, retrieving at will, transforming, displaying, and distributing spatially georeferenced data from different sources with well-defined accuracy characteristics and continuity in a digital format. Environmental geomatics compiles numerous concepts and practices, applied to monitor and manage natural resources. The main techniques under environmental geomatics encompass (Figure 9)



	
applications in the field of geographic information systems (GIS),



	
remote sensing, which uses terrestrial, marine, airborne, and satellite-based sensors to acquire spatial data,



	
global positioning systems (GPS) and global navigation satellite system (GNSS), an umbrella term that includes all GPS.



	
spatial analysis.






Within the applications in this field, the development of spatial databases from different data sources and the application of this information to solve environmental problems is included.



Typical applications in the field of environmental geomatics include GIS analysis for the quantification of the yield of energy crops, and moreover to define exact sites that would satisfy the necessities of designated energy crops. A comprehensive system for the manufacture of low-density polyethylene (LDPE) film using recycled APW, presenting an enormous opportunity for the plastics manufacturing industry, is presented in [75]. Emphasis is also placed on the development of supply chain models of waste management, based on the classification of geographical clusters, mapped with the use of geographical information system (GIS) [76]. The evaluation of measurement methods of producing topographic maps, including laser scanning and tachometry, as well as the analysis of the accuracy of different geodesic measurements methods, has also been investigated in some studies [77]. Typical applications in this field include, for example, the analysis and assessment of the classical total station method and the mobile laser scanning [78].




2.7. Environmental Assessment of Building Products and Buildings: Life Cycle Assessment


Several policy initiatives are currently implemented in the field of sustainable development of the building sector. The European Commission (EC) has set a number of directives and regulations in order to achieve energy efficient products through eco-design and energy labelling. The European Directive 2009/125/EC [79] establishes a framework for the setting of co-design requirements for energy-related products. This directive contributes to the sustainable development by increasing protection of the environment, increasing energy efficiency, and security of the energy supply. The European Union’s “Circular Economy Action Plan” [80] promotes initiatives throughout the entire life cycle of product, encouraging sustainable consumption and pointing to initiatives to ensure minimization of the use of resources and making sustainable products the norm in the EU [81]. The United Nations have also announced the Sustainable Development Goals, a collection of 17 global goals designed to be a “blueprint to achieve a better and more sustainable future for all”. The SDGs were set in 2015 by the United Nations General Assembly and are intended to be achieved by the year 2030 [82].



Life cycle assessment (LCA) is an environmental management technique which allows the evaluation of the environmental impact of building products and buildings throughout their entire life. The LCA boundaries can extend from gate to gate, from cradle to grave. LCA stages include the definition of the goal and scope, the development of the inventory, the definition of the impacts and the interpretation of the results.



LCA can assist in [83]:




	
▪ improving the environmental performance of building products, at various stages of their life cycle,



	
▪ the decision making in building product design process,



	
▪ the selection of relevant indicators of environmental performance,



	
▪ marketing.



	
▪ LCA is considered as the main tool for achieving sustainable construction practices.








The standards under the ISO 14040 umbrella are devoted to several aspects of the design and implementation of LCA [84]. The scope of the assessment is to result in the optimal construction and management conditions, which will lead to the reduction in natural resources consumption. A sustainable and environmentally friendly approach in the construction sector could be achieved through all stages of building: from extraction of materials for manufacturing the construction products, through the operation of building as well as through the demolishing process and reuse of materials.



LCA got significant attention from the researchers in the last decade. Web of Science search results reveal 18,589 records for the topic of LCA (for the period of 1990–2019) (Figure 10). By analyzing the last decade, 2010–2019, there are 14,183 scientific papers on this topic in Web of Science data base (Figure 11). The top 10 research areas of the analyzed period are presented in Figure 11.



LCA application in the building sector could be employed either for building components and materials, or for the entire building (Figure 12). Numerous LCA databases (academic, commercial, or public) which are used in the building sector. Significant databases include BEE, DBRI4 Database, Ecoinvent, ECO-it, ECO methods, Eco-Quantum, Gabi, IO-database, IVAM, KCL-ECO, LCAiT, Simapro, Spin [85]. LCA databases are regional due to the different conditions of energy production per location, hence the different environmental impacts related to energy input.



The LCA studies implemented for the building sector mainly focus in three areas:




	
the assessment of individual building materials and building components. These studies mainly analyze alternative production processes and conclude at those production practices which are the least harmful for the environment. On some occasions the energy payback period of building materials is also defined [86,87,88,89].



	
studies focusing on the entire building. In these studies, comprehensive LCA databases are used, and the studies focus on the performance of the entire building, mainly through matrices in which the building of quantities is combined with the environmental indicators of individual building materials [90,91]



	
the integration of LCA databases into BIM models for the assessment of the entire building at the design stage [68,69,92,93]. This trend is anticipated to prevail in the near future, whereas commercialized tools, such as Tally, have already been launched [94].










3. Future Research Trends in the Scientific Fields of Sustainable Energy in the Built Environment


This study aimed to give an overview of the main research advancements in the field of sustainable energy in the built environment through a comprehensive compilation of the work of the Sustainable Energy Research Group of the Faculty of Civil Engineering and Architecture at the Kaunas University of Technology. This study adds up to previous overview studies on the use of environmental assessment tools [95] and building and infrastructure sustainability reporting tools [96]. The research fields of the recent years in the field of the sustainable built environment revealed some of the main future research trends focusing on the field of energy. It is certain that research in the following years will aim towards the transition of buildings into smart units, which will enable their smooth integration into smart cities. This transition requires the digitalization of the design, monitoring, and control of data and information related to the energy assessment of the built environment, either through ICTs, BIM, digital twins and smart grids. In view of the fact that Information Communication Technologies (ICTs) are advancing at a fast pace, the digitalization of the building sector will significantly contribute to the objectives of the European Union on the improvement of the sector’s energy efficiency and environmental performance. The energy saving opportunities that arise with the development of smart control and regulation systems in buildings are related to the fact that data and information for a variety of factors that directly or indirectly affect the energy consumption of the building (interior human comfort, external climatic environment, requirements for lighting, electricity and hot water) are captured in real-time, and can respond swiftly and appropriately to increase the occupants’ comfort and to reduce the building’s energy consumption. Furthermore, the adoption of the digital twins concept in the built environment has the potential to further accelerate the benefits from the development of smart sensors systems. Given that digital twins are built on data, the development of a well-designed framework, where the synergies between the different digital technologies are well defined and interoperation is kept at optimum conditions, can significantly contribute to the energy efficiency and smartness of buildings due to enhanced understanding and targeted response to the building’s performance data.



Smart grids cost-efficiently integrate the behavior and actions of all their users, namely generators, consumers, and those that are both generators and consumers, in such a way that an economically efficient, sustainable power system with low losses and high levels of quality and security of supply and safety is ensured. Since smart grids employ innovative products and services, intelligent monitoring, control, communication, and self-healing technologies, they are expected to facilitate the connection and operation of generators of all sizes and technologies, increase the consumers’ role in the optimization of the operation of the whole system, and provide them with more information on their energy consumption in buildings and reduce the system’s environmental impact, as well as increase the system’s reliability, quality, and security of supply. Furthermore, since smart grids automatically monitor energy flows and are flexible enough to adjust to changes in energy supply and demand, they have a significant role to play for the integration of the increasing amounts of variable renewable electricity produced by renewable energy sources (RES) as well as the integration of new loads such as EVs charging, without jeopardizing the system’s stability or efficiency. To enable this increased demand for communication between smart grids, buildings, renewable energy technologies and building services, the smart cities will also have to significantly advance their 5G networks.
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Figure 1. Research Trends in the field of Sustainable Energy for the Built Environment. 
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Figure 2. Research Trends in Indoor Air Quality Research. 
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Figure 3. Research Trends in Sustainable Energy Systems. 
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Figure 4. Research Trends in Building Energy Assessment. 
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Figure 5. Research Trends in Sustainability Management. 
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Figure 6. Top 10 research areas for the Sustainability management (2009–2019). 
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Figure 7. Number of scientific articles for the sustainability management topic (2009–2019). 
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Figure 8. Research Trends in Building Information Modelling [70]. 
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Figure 9. Research Trends in Environmental Geomatics. 
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Figure 10. Number of scientific articles for the Life Cycle Assessment (LCA) topic (2010–2019). 






Figure 10. Number of scientific articles for the Life Cycle Assessment (LCA) topic (2010–2019).



[image: Sustainability 12 08417 g010]







[image: Sustainability 12 08417 g011 550] 





Figure 11. Top 10 research areas for the LCA (2010–2019). 
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Figure 12. Major trends in the field of Life Cycle Assessment for the built environment. 
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