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Abstract

:

Smart buildings (SBs) are developed in many different ways and are self-proclaimed smart. There are a great number of publications introducing smart systems using a wider range of tools and sensors. However, the level of smartness, functions of the smart system, and the usefulness of the system are not the same, which may give a wrong impression to clients or potential buyers of a building. Developing a scoring system that enables determining the overall smartness of a building is necessary. Despite the necessity, there is a dearth of studies in this area. Hence, the purpose of this study is to develop a scoring system to evaluate the level of smartness of Sri Lankan commercial buildings. Thus, initially, smart criteria were identified, defined, and categorized through a literature survey. Subsequently, 35 experts in the commercial building sector were interviewed. Finally, the relative importance of the smart criteria was derived through the AHP technique, and accordingly, a scoring system was developed. The study identified six main criteria to evaluate the smartness of buildings in the scoring system. The automation criterion with the highest relative weight was concluded to be the dominant criterion (45.59%) in the scoring system. Communication and data sharing were placed at second with a relative weight of 18.76% and indicates the importance given by the study findings in establishing the backbones of SBs. Occupants’ comfort, energy management, occupants’ health and safety, and sustainability criterion were ranked third, fourth, fifth, and sixth within the scoring system. This study is one of the first to investigate in detail the contribution of both soft and hard services of a facility in determining the overall smartness of a building. Property developers in the commercial building sector can benefit from this study by recognizing the necessary criteria to be embedded in their SB development projects in order to attract more tenants and customers.
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1. Introduction


The worldwide commercial real estate industry is worth over 32.6 trillion USD as of 2020, up from 30.3 trillion USD in 2019 [1]. The highest market size has been reported in Europe, the Middle East, and Africa (EMEA), which was estimated at close to 10.3 trillion USD, just marginally higher than the Asia Pacific and North America regions. Within the Sri Lankan context, a study conducted by the Research Intelligence Unit (RIU) concluded that the country has 1.9 million square feet of Grade A commercial space, the top tier in the country’s market [2]. According to Lugoda [2], the commercial facilities comprised many key attributes similar to high-end construction and interior finishes, contemporary architecture design, state-of-the-art mechanical infrastructure and applications, and various property functions and facilities. Through advanced IoT sensors, a smart commercial building can integrate the information generated from the above building functions, systems, and subsystems to automate and enhance building performance [3]. Smart buildings (SBs) are known as an overall solution for many requirements raised by concerned individuals, owners, managers, and tenants in a building [4].



SBs provide an avenue for landlords to obtain a more precise picture of how the building is used, assist the management to be more efficient (keeping the building in perfect condition), and provide tenants with a more comfortable and productive environment [4]. Hence, a typical SB contains numerous interconnected technology systems that work together and adapt to changing needs, which benefits users, owners, and the environment [5]. While in a common building these systems are installed and operate independently, in SBs they are planned and coordinated together in a single consolidated project [6]. SBs, therefore, encompass many features to ensure the performance of a building, such as energy management, maintenance management, indoor comfort, space management, traffic management, security management, etc. [5]. However, SBs are often confused with zero energy buildings or passive buildings, which are not the same as SBs [6]. Zero energy buildings or passive buildings more often address sustainability features of a building. Moreover, today’s buildings are designed in a variety of ways and are self-described as smart [7]. For a building to be labeled “smart”, there is no certification or rating system in place. Further, the existing building evaluation tools mostly focus on a specific criterion, mainly environmental aspects [7], henceforth, the applicability of such a criterion in determining the level of smartness of a building is questioned. Therefore, developing a scoring system that would enable determination of the overall smartness of a building is necessary.



Jain [7] had attempted to develop the key criteria yet has given major importance to ICT and building services and has not focused on the Sri Lankan context. The Directive 2010/31/EU and Directive 2012/27/EU (2019) [8] presents a methodology for calculating smart readiness indicators. According to the methodology, the smart readiness of a building or building unit is determined based on the assessment of nine technical domains. Moreover, The Honeywell Smart Building ScoreTM has been developed as a framework for the assessment of buildings. It focuses on scoring the assets that make up a building based on three main outcomes: green, safe, and productive [9]. Further, the study of Omar [10] proposed a multi-criteria framework composed of subfactors as a comprehensive tool for the categorization of intelligent buildings. However, these studies derived a set of different indicators and have not been tested to validate the applicability to the Sri Lankan context. A tool for the assessment of green interior decoration in the context of China was proposed by the study of Wu et al. [11]; however, no focus had been put forward towards SBs other than building comprehensively upon the sustainability aspect, one of the key elements of SBs. As stated by Wang et al. [12], a SB should be able to overcome both intelligence and sustainability concerns by using smart technologies to accomplish the optimum combination of overall comfort and energy efficiency. Therefore, despite the necessity of defining a scoring system for smart commercial building, there is a dearth of studies in this regard in Sri Lanka. Therefore, this study sets out to bridge this gap by addressing the following research questions, which will lead towards creating a scoring system to evaluate the smartness of commercial buildings. The questions refer to what are the criteria for evaluating the smartness of a commercial building and what is the relative importance of these criteria in constructing a smart commercial building is. The questions will be addressed in separate sections following Section 3.




2. Literature Review


2.1. Existing Building Evaluation Schemes


Carter and Mankoff [13] insisted that designing and evaluating SB applications is a nontrivial matter. Therefore, the study initially investigated the extent to which the existing building evaluation schemes and/or benchmarking schemes have given prominence for smart features for commercial buildings. At the initial stage, building evaluation and/or benchmarking schemes developed in Sri Lanka were studied, and it was found that the GREENSL® rating scheme for the built environment developed by the Green Building Council of Sri Lanka is the only locally developed benchmarking scheme for the built environment. Therefore, extending the review further, green building rating schemes that are widely used in North America, Europe, and Asia, namely, Green Globes, LEED, BREEAM, GRIHA, IGBC system, Green Mark, CASBEE, and Green Star [14] were considered. These building rating schemes are chosen for comparison based on the national requirements in Sri Lanka and the coverage in terms of the number of buildings certified across the globe. Based on the foregoing review, it was understood that the above certification is highly focused on overall life cycle evaluation and ensuring long-term environmental benefits. Even within the sustainability domain, most of the evaluation schemes are criticized for the unequal treatment of the three pillars of sustainability [14]. Further, it is apparent that all the existing building evaluation tools are mostly focused on a specific criterion, mainly environmental aspects [7], henceforth, the applicability of such a criterion in determining the level of smartness of a building is questioned.




2.2. Existing Scoring Methods


Seismic risk assessments have consistently seized the attention of researchers in devising scoring methods to estimate the risk to structures [15]. Current literature used various assessment methods to determine the correlation between the building vulnerability parameters and the damage grades for individual buildings [16]. These methods include soft computing techniques such as artificial neural network (ANN)-based models, fuzzy-logic-based models, machine-learning-based models, probabilistic-based models, other models such as analytical hierarchy process (AHP), and integrated models [16]. Harirchian et al. [17] propose a new machine-learning-based convolution neural networks method to identify key features of buildings and compute the vulnerability index for seismic action. The use of multi-criteria decision making (MCDM) techniques also seems to be popular in the field in devising assessment methods for seismic risk. Harirchian et al. [18] studied the use of MCDM techniques for seismic vulnerability assessment, specifically to classify the damage index of reinforced concrete buildings. Alam et al. [19] used the AHP to compare vulnerability assessment methodologies to select a proper tool for assessing the seismic risk for a group of buildings. According to Harirchian et al. [18], among MCDM methods, AHP and the technique for order of preference by similarity to ideal solution (TOPSIS) give the best results for seismic vulnerability assessments. However, the use of AHP in devising scoring systems for application in several other fields was apparent, such as for green interior assessments. Particularly, the study of Wu et al. [11] presents an AHP-based assessment system for green interior decoration. The study covers seven basic aspects: energy saving and utilization, water saving and utilization, material saving and utilization, site space saving and utilization, indoor environment quality, green construction management, and operation management. Sepasgozar et al. [20] present a set of identified factors leading to the usage of mixed reality digital twin, and these factors have been used to develop a predictive model to evaluate virtual, augmented, and mixed reality (MR) acceptance by users. Quantity indicators such as path coefficients, factor ranking, Cronbach’s alpha, and chi-square test are used in this study. Moreover, the application of ANN with a deep learning structure is emerging in the building sector. Using ANN, authors such as Serrano [21] devised models to ensure that smart buildings adapt to the external environment by learning from their users and monitoring key building parameters (e.g., energy, asset, space).



Extending the review further, several smartness evaluation schemes with a particular focus on the building sector were reviewed to support the research aim. These include the Directive 2010/31/EU and Directive 2012/27/EU [8], The Honeywell Smart Building Score (HSBS) [9], and the studies of Omar [10], Cardone et al. [22], and Morvaj et al. [23]. The Directive 2010/31/EU and Directive 2012/27/EU [8] present a methodology for deriving a rating for smart readiness for a given building. The methodology is based on nine technical domains (i.e., 1. heating; 2. cooling; 3. domestic hot water; 4. controlled ventilation; 5. lighting; 6. dynamic building envelope; 7. electricity; 8. electric vehicle charging; and 9. monitoring and control). However, given the Sri Lankan phenomenon and being an Asian country, the applicability of the directive to the Sri Lankan context is highly questionable. Further, The Honeywell Smart Building Score (HSBS) developed by [9] is based on 15 technology assets with three main impact criteria: green, safe, and productive. Moreover, Omar [10] proves an extensive list of indicators to assess the smartness of intelligent building main evaluation criteria under seven factors (intelligent skins, building automation system (BAS), building management system (BMS), sensors, smart materials, passive design technologies, and renewable resources) and 68 subfactors. Cardone et al. [22] identified an exhaustive list of features for smart cities, including assistance to the people for health care, mobile medical care facilities, help for elders, intelligent control and energy management, automatic traffic control systems, and intelligent building management systems. Morvaj et al. [23] showed another array of key features that include renewable energy sources, energy storage, smart metering, smart devices, building automation, and broadband access. These scoring schemes provide an extensive list of indicators which have not been tested and validated for applicability in Sri Lanka. Hence, given the availability of different scoring systems utilized in different contexts, there is a requirement to develop a set of criteria and a scoring system that would provide an avenue to understand the overall smartness of commercial buildings in Sri Lanka.




2.3. Criteria to Evaluate Smartness


In the early 1960s, intelligent buildings were only a mechanistic explanation that reflected the building’s potential perspective and creative progress with technological and scientific innovations [24]. However, during the recent decade and since, smart buildings have quickly turned into a fundamental and a key segment of policies in designing and developing many building projects [25]. This will lead to smart growth, sustainable development, and a stronger environment. According to Everett [26], a smart building is a dynamic and responsive architecture that continuously interacts among its four basic elements: places (fabric, structure, and facilities), processes (automation, control, and systems), people (services and users), and management (maintenance and performance) to provide every tenant with productive, cost-effective, and environmentally friendly settings. However, understanding the distinctive and specific criteria that incorporates a smart building is quite challenging since they differ from conventional buildings [6,27].



Hence, initially, the study carried out an extensive literature review to determine the criteria of smart buildings in a more systematic manner. This would enable the study to generate a more robust set of criteria by scanning the existing literature as the lack of consensus between existing studies prevails in terms of defined criteria. The findings of the review are presented in Table 1.



2.3.1. Energy Management


Building energy management is essential in decreasing electricity consumption and reducing grid strain [32]. According to the authors, building automation and energy management systems play a critical role in lowering energy usage in buildings due to advances in computing and communication technology. Moreover, the use of energy efficiency as a risk management technique has been widely encouraged [54]. Proper use of energy in buildings will contribute to savings and cost reductions, save finite resources, and take a step towards a low carbon environment. Given the critical role played by energy management in buildings, the study identified five (05) subcategories under the energy management system which are essential for SBs. These are intelligent control and management, energy-efficient procedures development and usage, adaptive energy systems, energy storage, smart metering, and peak demand calculation.




2.3.2. Health and Safety


The World Health Organization (WHO) has defined the smartness of modern buildings according to the health and safety perspective as a combination of safe and green features. SBs must strengthen use of architectural and technology solutions that lead to the enhancement or preservation of users’ health, thereby improving their physical and mental well-being [5]. The criteria support the risk management necessity of smart buildings by incorporating actions that are required to minimize losses caused by casual events [55]. Internet of Medical Things (IoMT) sector predictions expresses that the IoT market will reach 3.7 million connected medical devices worldwide by 2021 [33]. Further researchers state that this allows all the individual occupants of the building to contact medical service providers in any situation where health care assistance is needed to track the precise locations of medical assets and patients in order to enhance the efficiency of treatments. Hence, health and safety play a vital role in SBs. The criteria include assistance to people for health care, security and access control, emergency response, movement detection, and weather prediction and disaster response are among the identified criteria.




2.3.3. Building Automation


Building automation systems (BAS) have evolved over the past 10–20 years to allow greater control of energy use within a building in the form of building energy management systems (BEMSs) [40]. According to the author, BAS controls and monitors interconnected systems such as mechanical, electrical, plumbing systems, and control devices (i.e., sensors, utility meters, variable speed drivers, actuators, and dampers) using underlying control networks. They enable monitoring and managing of building environments depending on the user-defined conditions [23]. SBs and their integration with the smart grid resulted due to the emergence of technology and protocols [40]. These enable effective and smooth communication of BAS with equipment and systems in the building. Under this category, the study identified five (05) subcriteria that are essential in determining the level of smartness, i.e., occupants’ traffic control, building management system with intelligent controls, data gathering devices with sensor networks, and remote monitoring assets tracking.




2.3.4. Occupancy Comfort


SBs should utilize architectural and technology solutions and contribute to environmental comfort, to enhance the quality of life and welfare of users while ensuring environmental sustainability [5]. According to Daissaoui et al. [56], the fundamental requirement of buildings is to maintain comfortable living circumstances for building occupants, hence occupant comfort is another significant concern of SBs. Furthermore, because individuals spend an average of 80% of their lives indoors, a healthier and more comfortable indoor environment is critical for occupants’ well-being and productivity [56]. Morvaj et al. [23] defined smart appliances for personalized control, which can be a part of building automation to monitor building conditions depending on the user’s defined conditions. According to Dounis and Caraiscos [57], three fundamental factors that determine a building environment’s quality are thermal comfort, visual comfort, and air quality. However, the study identified six criteria that determine the comfort levels of a SB. These criteria, as summarized in Table 1 are indoor air quality, visual comfort, acoustic comfort, thermal comfort, smart appliances for personalized control, and space utilization and passive design.




2.3.5. Communication and Data Sharing


SBs need data processing and sharing from multiple and diverse sources and require multiple and diverse processors (human or hardware) to achieve a synergistic effect, i.e., an effect greater than the sum of their individual effects [45]. With the growth of the Internet of Things, collected data are being encrypted and stored in the cloud to prevent data loss and data misuse by external parties. According to Molnar and Mohamed [58], data-based approaches in the fault detection and diagnosis area have been used in many different buildings. The set of fundamental technologies based on IoT that enables the control and data creation for various services is the heartbeat of intelligent buildings [56]. Moreover, SBs require equipment, infrastructure, and systems for managing telecommunications services [5]. Hence, communication and data sharing play a vital role in SBs. Under communication and data sharing, the key subcriteria identified are cloud-based data sharing and storage, data protection, digital infrastructure, wireless technologies, and cyber-physical systems.




2.3.6. Sustainability


Designing ideal facilities requires guaranteeing the health of buildings, ensuring they are renovated and updated throughout their life and, at the same time, meeting sustainability goals [49]. The systematic design and construction of a SB is a must to achieve the environmental compromises and sustainability objectives. A growing challenge for the 21st-century-built environment is matching the intermittent renewable electrical energy supply with various demanding factors such as (a) population growth (b) concerns about carbon emissions, and (c) energy produced by solar photovoltaics and wind energy [40]. Hence, SBs need to be well equipped to meet renewable energy challenges. With these concerns, five (05) sub-criteria contributing to the sustainability of SBs were identified, namely, renewable energy source, material conservation, water conservation, land conservation, and usage of waste management strategies.



Based on the above elaboration and the review results presented in Table 1, Figure 1 was developed to provide an overall picture of the SB evaluation criteria. These results are to be used in developing the scoring system to evaluate the smartness level of commercial buildings.






3. Material and Methods


This study aims to develop a scoring system to assess the smartness level of commercial buildings. To peruse the research aim, both primary and secondary data were utilized by the study. The research process is presented in Figure 2.



3.1. Research Design


To generate primary data, the mixed methods approach (MMA), including quantitative and qualitative questions, was utilized in this study. As stated by Herrera [59], MMA is an alternative to expanding the analytical power of media as a mix of quantitative and qualitative makeup. Quantitative and qualitative data can be mixed in three different ways, namely: (a) by connecting (having one data type build on the other), (b) by merging (to compare or relate results from both data types), or (c) by embedding (to explain one data type results by the other) [59]. Therefore, this is a concurrent embedded mixed-methods study, with qualitative insights being explored to complement the findings from the quantitative survey.




3.2. Literature Review


A literature review was carried out to determine the criteria to evaluate the smartness of commercial buildings. According to literature findings, criteria for smart buildings are categorized into six main categories. These are energy management, occupants’ health and safety, automation, occupancy comfort, communication and data sharing, and sustainability.




3.3. Data Collection and Dissemination


Following the systematic literature review, preliminary interviews were carried out among five (05) experts. The experts validated the criteria to evaluate the level of smartness of commercial buildings identified through literature review, and accordingly, the questionnaire was refined. Subsequently, semi-structured interviews were carried out to identify the relative importance of the evaluating criteria and to explore the reasoning leading to individual choices. The developed questionnaire is composed of two segments; the relative importance of key criteria with reasoning and the relative importance of sub-criteria for each criterion. An extract of the questionnaire (Table 2) is as follows.



Convenience sampling is a type of nonprobability or nonrandom sampling where members of the target population that meet certain practical criteria, such as easy accessibility, geographical proximity, availability at a given time, or the willingness to participate, are included for the study [60]. Therefore, under convenience sampling, 35 experts on smart commercial buildings were selected for empirical investigation based on their experience in (a) planning, (b) designing, (c) constructing, and (d) operating smart commercial buildings. Instead of selecting experts randomly from the defined categories, the experts with more than ten years of experience in the field that were readily available to participate were selected. These experts were interviewed through an online platform for a period of 40 min to 1 h.



According to the Oxford business group [61], the Sri Lankan government’s LKR 40 billion Western Region Megapolis Planning Project (WRMPP) will certainly spur commercial real estate in the western region of Sri Lanka. According to the WRMPP Master Plan, the western region produced 40% of Sri Lanka’s total GDP and is home to 5.8 million people, or 29% of the country’s population. Hence, commercial buildings in the western region of the country, which include office complexes, retail shopping malls, and mixed development projects, were considered in the study. The composition of the experts’ interviews is shown in Figure 3.




3.4. Data Analysis


In choosing the best evaluation or decision-making method for criteria determination, studies and the scientific literature in this field suggest that the problem could be solved by applying the multi-criteria decision-making method [62]. Further, AHP is a multi-criteria approach that facilitates decision making with conflict criteria and alternatives. Therefore, data analysis was carried out based on AHP in order to determine the criteria and understand the relative importance of each criterion in determining the level of smartness of commercial buildings, which would finally lead to developing the scoring system. To support this, the interview guideline was designed based on the standard AHP questionnaire format originally proposed by Saaty [63]. Further, the ratio scale presented by Saaty [63] was utilized by the study in developing the questionnaire. According to Wong and Li [64], the steps of AHP include (a) defining the problem and objective, (b) development of the hierarchy, (c) pairwise comparison, and (d) normalizing and consistency calculation.



3.4.1. Development of the Hierarchy


Concerning the steps mentioned by Saaty [63] in implementing the AHP tool, the study first decomposed the research into a hierarchy of goal, criteria, sub-criteria, and alternatives. The developed hierarchy is presented in Figure 4. The hierarchy was developed based on literature review findings in Table 1.




3.4.2. Pairwise Comparison


Secondly, the gathered data from the questionnaire survey was entered into the pairwise comparison matrices based on Saaty’s [63] eigenvector model. A sample of the pairwise comparison matrix is illustrated in Table 3. The respondents were directed to compare each main criteria as pairs to indicate the relative importance. Averages of the responses and their reciprocals were recorded in the matrices as K1, K2, K3, K4, K5, K6, K7, K8, K9, K10, K11, K12, K13, K14, and K15 and the sum of each column was calculated afterward and is indicated as L1, L2, L3, L4, and L5.




3.4.3. Normalizing


Following the pairwise comparison, normalization was done by dividing each component from the sum of each column in the comparison table. Table 4 illustrates a model of the normalization matrix. Normalizing the entries is done by dividing the entry by the sum of each column in pairwise comparison matrices. Performance score (PS) is generated by dividing the row sum from the total sum. M1, M2, M3, X4, and M5 indicate the sum of each row after normalizing. M is the sum of the sum column.




3.4.4. Consistency Calculation


Finally, the consistency index was computed to test the accuracy and validate the findings using the below formula.



The consistency index (CI) is a test of accuracy. The consistency ratio (CR) is derived using the randomized index (RI) and the average CI for randomly filled matrices. The steps leading to the consistency ratio are as follows:


   CR    =   CI   RI    



(1)







Step 1: Entries in the pairwise comparison matrix are multiplied by the performance score to obtain the eigenvector. P is a new vector obtained through the addition of each row. Table 5 illustrates the model calculation table for consistency calculations.



Step 2: λmax is the average value of the column sum.


   λ max  =    (  a 1 + a 2 + a 3 + a 4 + a 5 + … a n    )   n   



(2)







Step 3: Consistency index (CI) is calculated as per the following equation.


  CI =     λ max − n     n − 1    



(3)







Hence, the consistency ratio can be derived from the following equation. RI was obtained using Table 6.


  CR =   CI   RI    



(4)







Deng [65] points out that Saaty’s thumb principle only agrees when CR < 0.1. The CR of the study result agreed with Saaty’s thumb principle.






4. Results


4.1. A Scoring System to Evaluate the Level of Smartness of Commercial Buildings


Determining the smart criterion of commercial buildings was considered to be a key requirement in order to derive a robust scoring system from evaluating the smartness level of commercial buildings. Table 7 presents the scoring systems along with the criterion and sub-criterion developed to evaluate the smartness of commercial buildings. The scheme gains scores based on key criteria and sub-criterion necessary for a SB. The total of the sub-criteria will be multiplied by the main score of the relevant key criterion. The total score of the selected building will then be the sum of all six major intelligent evaluation criteria.



The contribution made by major criteria in assessing the overall smartness of a building can be summarized and presented in Figure 5. This figure provides a summary version of Table 7 to depict the criteria that significantly contribute to the scoring system.



According to Figure 5, the most influential criteria in determining smartness is automation followed by communication and data sharing, occupants’ comfort, energy management, occupants’ health and safety, and sustainability features. The composition of sub-criteria under respective major criteria is illustrated in Figure 6.



Figure 6 provides a more detailed representation of Table 7 in terms of the individual criteria and the respective sub-criteria. These criteria and sub-criteria are subjected to discussion in the following sections.



4.1.1. Building Automation


The findings of the study revealed building automation as the most significant criterion (45.59%) that determines the level of building smartness. Similarly, Kastner et al. [66] revealed that automation is the most significant criterion as it pedals the mechanical, electronic, and lighting systems while ensuring the operation performance of the building as well as the comfort and safety of the occupants.



Within the segment, as depicted in Figure 6a, BMS with intelligent controls achieved the highest weight (22.43%). Automation engineers in the industry manifested that there is a considerable increment in the usage of BMS in Sri Lanka over the past few decades, with building owners recognizing its importance. Examples of quotes include:




“We have been experiencing rapid growth in the usage of BMS systems. Mostly these are requested by the clients/developers to attract more clients by increasing comfort level, energy efficiency in their buildings”



(Automation engineer).






“Presently clients/developers are more likely to obtain certifications to their organizations for this BMS can be used as a marketing tool”



(Facilities manager).





As presented in Figure 6a, automatic occupant traffic control is the second most significant criterion with a relative weight of 21.46% since it involves several imperative situations such as emergencies and morning and evening peak times in commercial buildings. In light of this, several comments were made by the respondents where they discussed the nature of traffic in elevators, escalators, staircases, and corridors at peak hours. A facilities manager added that




“A proper vertical transportation system is essential, especially in high-rise office buildings. During rush hours, we have experienced people being jammed packed in elevators and escalators due to poor handling of these systems manually by lift operators. In an emergency, the situation could be worse. So properly automated transportation system has a vital role when it comes to health and safety aspects and efficiency of the building performances”.





Emphasis was made by the respondents on the requirement of an automatic occupants’ traffic control system to direct people appropriately to relevant destinations while ensuring efficiency and limiting delays.



According to Figure 6a, asset tracking gained a relative weight of 19.84% within the criteria to evaluate the smartness of commercial buildings and was ranked third. The criterion was commented for its popularity and emergence among clients as a crucial aspect of ensuring the reliability and longevity of assets. As an example, a respondent stated that




“Asset tracking is a key function requested by clients in new projects in order to maintain the reliability and increase the longevity of assets”



(BAS engineer).





Remotely monitoring and controlling (19.27%) a facility is a cyber-based function conducted through the internet with a handheld computer or a digital device. An automation expert stated that it had become the fourth effective criterion for a smart commercial building.



Data gathering devices with sensor networks were considered to be the fifth important criteria with a score of 16.99%. Respondents manifested the nature of these devices and their key requirements within smart buildings in which the Facilities Manager commented,




“Data-gathering devices mainly deal with IoT devices involved in collecting data from energy meters, power analysers, occupancy sensors, thermostats, and water meters and so on in order to transmit data to the main control computer to report generation, further analysis and decision making”



(Facilities manager).






4.1.2. Communication and Data Sharing


According to Table 7 and Figure 6b, communication and data sharing have obtained a second place as its sub-criteria emphasize the importance of digital infrastructure in order to establish better data transmitting and storing approaches in modern smart commercial buildings. According to a service engineer,




“A widespread digital network is the backbone to back the proper functioning of all other five criterions”.





As per Figure 6b, cloud computing (28.96%) received the foremost place among the others due to the large data-sharing requirements of professions in the construction sector. Experts (facilities managers and engineers) manifested that the growing sophistication in technology opened up many avenues for a data breach. Hence, data protection should be given utmost importance to determine the smartness of buildings.



Within the existing criteria, IoT secured the third rank with a relative weight of 20.52% within the criteria. According to an automation engineer,




“IoT is the mainstay of digital transformation hence, contributes a greater proportion in deriving smartness”.





An architect pointed out that wireless technological innovations dramatically reduce the expenditures and implementation of many hardware in an urban environment. Moreover, another expert from the engineering discipline manifested that it is one of the means of obtaining digital infrastructure. With these perspectives, the criterion received a score of 15.27%; thus, appearing in the fourth place, as evident in Figure 6b. Cyber-physical systems, which form the next most significant criterion, secured the fifth rank compared with others. According to the experts, each part of the prior discussed criterion finally leads to creating cyber-physical systems.




4.1.3. Occupants’ Comfort


According to Table 7 and Figure 6c, the third important criterion is occupant comfort. It was argued that SBs need to have a better environmental quality than standard buildings, and this results in a productive workplace for the occupants. After normalizing data, indoor air quality (IAQ) gained the highest score of 24.21% within the criteria. This is highlighted in Figure 6c. The foremost cause for emphasizing IAQ more frequently by experts are:




“Poor indoor air quality may lead to lowering the productivity of tenants”



(Architect).






“Create migraine, headache, sick building syndrome and many other illnesses”



(Facilities manager).






“Limiting of CO2, CO and SO2 levels in car parks and confined spaces while preventing odors generated through VOCs are essential”



(Facilities manager).





It was observed that experts considered the importance of complying with indoor air quality standards before approaching other sub-criteria.



The second sub-criterion, visual comfort, deals with illuminance level, glare, daylight, and many factors that are important to occupants’ productivity and health (e.g., eyesight, headache, migraine, etc.). Further, building scoring schemes such as BREEAM, LEED, CASBEE, and SBTool have considered visual comfort as an important factor in their assessment schemes. Similarly, in light of the current study findings (refer to Figure 6c) it has obtained the second-highest value (21.09%) among five indicators.



The third indicator, acoustic comfort (18.32%) is the well-being and building occupants’ experience of the acoustic environment. A building’s capacity to create thermal comfort (14.71%) appeared as the fourth most important indicator of SBs, according to Figure 6c. An engineer noted that




“Modern smart buildings must comprise with IoT devices with controllability with a mobile phone or personal computers according to needs of the occupants”.





However, many experts (engineers, architects, and facilities managers) pointed out that in Sri Lanka these technologies are yet to be developed, and currently building environments are controlled by the main BMS. Therefore, the indicator smart appliances for personalized control appears at the fifth position (13.11%) of the segment. Spatial comfort is the sixth indicator (8.56%) since it is to be considered mostly during the design stage of a building. Hence, respondents noted that equal consideration could not be given as in the operation stage, yet, the importance cannot be ignored.




4.1.4. Energy Management


As evident in Table 7 and Figure 6d, energy management formed the fourth most important criterion with a relative weight of 8.94%. Experts in commercial buildings stated that energy management makes up the key criterion in many building scoring schemes adopted like green schemes. Research findings published by the energy analysis department of the University of California illustrates the importance of focusing on energy-related functions of a commercial building. As shown in Figure 6d, smart metering has been ranked as the most significant criterion among the others, with a relative weight of 33.82%. Experts representing facilities management, engineering, and building automation argued that this criterion is one of the most important in commercial buildings where building spaces are rented. An example of a quote includes:




“Smart metering as one of the most important criteria in commercial buildings as building spaces are rented for the external parties for commercial purposes, which mandates the requirement of accurate records and also smart metering provides the basis for energy monitoring and evaluation”



(Facilities manager).





Energy storage has significant importance in a smart commercial building, indicating the second-highest relative importance with a relative weight of 24.46%. Engineers in the field commented that “energy storage systems provide versatility to control buildings load and combine the demand with energy generation in the grid”, which is agreed in a review carried by Kintner-Meyer et al. [67]. As presented in Figure 6d, intelligent control for energy management was ranked third based on the gained relative weight of 17.27%.



Energy-saving measures and procedures implementation is the fourth weighted criterion according to Figure 6d (14.04%). It includes passive design features of the building, implementation of best practices within the premises, tenant awareness, and so on. Adaptive energy management systems was placed as the fifth criterion, which has a relative weight of 0.1699%. A facilities manager noted:




“This system is rare within Sri Lankan commercial buildings because it entails considerable investment and requires large spaces and hence, contribution to the building energy cost may depend on the payback period of the system”.






4.1.5. Occupants’ Health and Safety


Followed by energy management, the health and safety of the building occupants were ranked as the fifth most important criterion of smart commercial buildings as per Table 7 and Figure 6e. Assistance to people for health care (29.86%), defined as a modern emergency response approach developed to address individual health problems and emergencies within the building premises with the help of IoT devices, was ranked first under health and safety criteria. An engineering expert pointed out security to be a key service for the protection of information, assets, and resources from intentional attacks through physical access control or physical intrusion detection. Upholding the argument, facilities managers specifically stated that




“Security and access controls act as a preventive measure against malicious emergencies”.





With similar views generated from experts, the criteria were ranked second (24.63%). As presented in Figure 6e, emergency response is the third subcriterion (17.17%). Considering the vulnerabilities of a building and the relative severity of the impacts that could occur, an effective approach for response is mandatory to manage risk effectively. According to Figure 6e, movement detection (14.71%) and weather prediction and disaster response (13.64%) secured the last two ranks, respectively. A facilities management expert noted:




“Movement detection, weather prediction, and disaster response are two novel criteria to Sri Lanka requiring advanced technologies assimilating facial recognizing method with national information hubs and integrating building information with disaster management authorities respectively”.






4.1.6. Sustainability Features


Buildings have around 40% of global energy, 25% of global air, overall 40% of global resources, and produce about 1/3 of GHG emissions, which are major barriers to the protection and preservation of resources. Moreover, facilities managers manifested that sustainable and green building concept is important in evaluating commercial buildings in Sri Lanka. Results of the data analysis (refer to Table 7 and Figure 6f) indicate that renewable energy sources have the most importance, with a relative weight of 32.57% in the sustainability criterion. An architect emphasized that




“Smart buildings must have the capability to employ renewable sources and generate its energy to fulfill its day-to-day requirements and it may create a self-sufficient building from energy”.





Moreover, an engineering expert pointed out that




“Extra energy generated by the sources could be transmitted to the national grid through net metering and generate an extra income which is highly popular with solar photovoltaic cells and wind turbines”.





However, the research carried out by Torcellini and Crawley [68] revealed that investing in renewable energy is more efficient and productive in achieving sustainability than investing in energy management systems (EMS) or BMS. While the study agrees on the necessity of renewable energy within the sustainability determinant, in order to achieve overall smartness, the necessity of BMS cannot be disregarded.



Figure 6f points out that having conservation techniques (25.71%) is vital as the second most significant criterion. On a similar note, Cook, Sharma, and Gurung [69] state that implementation of water reusing approaches such as rainwater harvesting, separation of black water, and greywater use for gardening and flushing actions is important to the green segment of SBs. Material conservation evaluates the usage of non-hazardous, durable and degradable materials in the construction of the building. As evident in Figure 6f, experts positioned the criterion in third place (16.5%). The fourth indicator (13.25%) represents the proper utilization of land plots while designing the building. Clements-Croome [70] states that SBs should be high-rise buildings to take the maximum benefit from the available land and to minimize land wastage. Implementation of proper waste management approaches (3R concept) has the fifth significant score which is 11.98%. It emphasizes that SBs should not only be focusing on minimizing building costs but on reducing physical waste too.





4.2. Procedure in Implementing the Proposed Scoring Systems


Figure 7 presents the framework for implementing the scoring system. Initially, an evaluator has to check whether the building meets the sub-criteria given in the scoring system (Table 7). If the building comprises the sub-criteria, a relevant score from Table 7 should be assigned (e.g., A1 = 22.43%). Then, the performance score for the major criteria should be computed (e.g., automation = (A1 + A2 + A3 + A4 + A5) × A). Finally, the performance scores of all six main criteria should be added to derive the overall score of the building (e.g., A + B + C + D + E + F).



The final score provides an indication of the level of smartness of the building based on which decisions can be made regarding strategies to improve or maintain the smartness level. The evaluation should be a continuous process.



Compared with the scoring systems available to assess smartness, the presented approach through this study is novel due to key considerations. 2010/31/EU and 2012/27/EU Directives [8] promote the improvement of the energy performance of buildings within the European Union. It considers outdoor climatic and local conditions, as well as indoor climate requirements and cost effectiveness. This is enforceable within the European Union and the United Kingdom; hence, is currently not applicable to the Sri Lankan context. Further, its focus on energy management, health and safety, data communication of a building, occupancy comfort, and sustainability features are lower compared with the current scoring system developed by this study. The Honeywell Smart Building Score [9] measures fifteen smart assets in a building and rates them across three criteria: green, safe and productive. The scoring system focuses more on the green, safety, and productivity aspects of a building compared with the smartness or intelligent level of a building. The smartness of a building across literature remains a vague term that needs to be evaluated considering several criteria. Omar [10] attempts to define elements and dimensions characterizing intelligent buildings by examining the existing literature. However, the framework does not comprise a scoring system, rather, it comprises a list of factors defining intelligent buildings. Jain [7] attempted to develop a set of criteria to evaluate the level of smartness of buildings. This study comprises more areas than other scoring systems and seems to be a more successful scoring system. The tool developed as a part of the study includes the evaluation of 6 core systems and services, including a total of 39 subservices and 7 ICT-based systems and services, including 51 subservices. However, the study does not provide a detailed look into aspects such as health and safety, energy management, and indoor environmental quality. The scoring system developed by this study is not confined to particular systems but provides an overall solution applicable to a building as a whole.





5. Conclusions and Recommendations


The purpose of this study was to develop a scoring system that would assist in evaluating the smartness level of commercial buildings. The study revealed the existence of six distinctive criteria for this purpose: automation, communication and data sharing, occupants’ comfort, energy management, occupants’ health and safety, and sustainability. The automation criterion with the highest score was suggested to be the dominant criterion (45.59%). Communication and data sharing followed thereafter with a score of 18.76%, indicating the importance given by the study findings in establishing the backbone of SB. Occupant comfort was ranked as the third criterion which indicates the necessity of focusing on the ultimate goal of a smart commercial building, which is to ensure occupants’ comfort. The analysis shows that energy management, occupants’ health and safety, and sustainability features received fourth, fifth, and sixth positions within the scoring system. This indicates the prominence given to all the criteria that lead to creating a SB. The results of the research can be used in the following ways to illuminate theory and practice.



The research has a well-defined the criteria to evaluate the smartness of commercial buildings with a scoring system. Most importantly, this identification of criteria is a vital achievement as there was a gap in Sri Lanka data that needed to be addressed. The scoring system developed by the study looks into various functions and dimensions of the built environment, thereby complementing the existing studies confined to a specific category such as mechanical and electrical systems. Further, the study outlines a few simple steps that ought to be followed during the usage of the scoring system. This process acts as a platform for continuous monitoring of key building features and encourages the development of building features to meet smartness scores. Moreover, prioritizing the smart criteria and sub-criteria is a noteworthy output gained from the study as there is a lack of such a hierarchy in the smart commercial building sector. Hence, the study addressed a current knowledge gap and complements the existing studies by presenting a scoring system. The scoring system comprises a well-defined criterion to evaluate the level of smartness of Sri Lankan commercial buildings.



Outcomes of this research will be beneficial for industry practitioners in the building industry for the improvement of smart features. The developed criteria and scoring method is a guideline for professionals in the construction industry to focus and deliver SBs that meet the major criteria of smartness. The study further provides an opportunity to satisfy smart criteria from the design stage of the building, thereby overcoming complexities met in converting traditional buildings to smart. Further, an opportunity to enhance organization goodwill by recognizing the smart score level achieved by each organization is one of the highest contributions made to the industry by the study. Furthermore, the developed scheme can be used as a standard to elaborate the current level of smartness of commercial buildings in Sri Lanka and thereby attract new overseas customers and investors.



The study was limited to analysis of the smart characteristics of commercial buildings in Sri Lanka. Hence, a potential research avenue would be to expand the scope of smart features to other types of sectors to evaluate and rate the facilities. Moreover, it is recommended to further develop the current assessment criteria up to a star grading system for commercial buildings. Some further thoughts to stimulate research in the field of smart building are as follows.



Human biological systems have evolved over centuries based on environmental changes. Similarly, intelligent systems need to be integrated within smart buildings to ensure evolution with occupants’ feedback through volunteered geographic information or other crowdsourcing strategies. Future studies can address additional challenges by integrating the building evolution process efficiently and accurately at the city level. A smart city digital twin might be a potential solution to develop a connected network of smart buildings to visualize the accumulated data collected from different buildings. This solution would provide an information-rich database for decision makers at the city scale. However, efforts in developing smart city digital twins are at a conceptual level. Moreover, there is a lack of metrics or criteria for evaluating the smartness of cities. An example of a work-in-progress digital twin of a city is Virtual Singapore, which is a three-dimensional (3D) city model and data platform. This calls for researchers in the smart building domain to look at the growing worldwide trends and develop solutions that would lead to smart buildings being integrated with city digital twins.
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Figure 1. Summary of literature review findings: criteria to evaluate SBs. 






Figure 1. Summary of literature review findings: criteria to evaluate SBs.



[image: Buildings 11 00644 g001]







[image: Buildings 11 00644 g002 550] 





Figure 2. Research process. 
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Figure 3. Demographic profile of experts. 
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Figure 4. AHP hierarchy of smart building criteria. 
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Figure 5. Major criteria for evaluating smart buildings. 
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Figure 6. Composition of subcriteria related to smart building: (a) subcriteria related to automation; (b) subcriteria related to communication and data sharing; (c) subcriteria related to occupants’ comfort; (d) subcriteria related to energy management; (e) subcriteria related to occupants’ health and safety; and (f) subcriteria related to sustainability features. 
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Figure 7. Framework for implementing the scoring system. 
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Table 1. Literature review findings: criteria to evaluate SBs.
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Category

	
Sub-Criteria

	
Examples or Cases






	
01. Energy management

	
Intelligent controls and management

	
[5,23,28]




	
Energy-efficient procedure development and usage

	
[9,10,28,29]




	
Adaptive energy systems

	
[8,9,30]




	
Energy storage

	
[8,23,31]




	
Smart metering and peak demand calculation

	
[23,31,32]




	
02. Health and safety

	
Assistance to people for health care

	
[5,8,10,33]




	
Security and access control

	
[9,34]




	
Emergency response

	
[9,10,35,36]




	
Movement detection

	
[36,37]




	
Weather prediction and disaster response

	
[35,38,39]




	
03. Building Automation

	
Automatic occupants’ traffic control

	
[9,10,40]




	
Building management system with intelligent controls

	
[10,41,42]




	
Asset tracking

	
[10,41]




	
Data gathering devices with sensor networks

	
[10,41,42]




	
Remote monitoring

	
[40,43]




	
04. Occupancy comfort

	
Indoor air quality

	
[8,9,10,40]




	
Visual comfort

	
[8,9,10,40]




	
Acoustic comfort

	
[8,40,42]




	
Thermal comfort

	
[8,9,10,40]




	
Smart appliances for personalized control

	
[8,10,23]




	
Space utilization and passive design

	
[7,44]




	
05. Communication and data sharing

	
Cloud-based data sharing and storage

	
[5,45,46]




	
Data protection

	
[5,45,46]




	
Internet of Things

	
[45,47,48]




	
Wireless technologies

	
[45,48]




	
Cyber-physical system

	
[8,10]




	
06. Sustainability features

	
Renewable energy source

	
[7,49,50,51]




	
Material Conservation

	
[10,49,51]




	
Water Conservation

	
[9,10,51,52]




	
Land Conservation

	
[52]




	
Usage of waste management strategies

	
[52,53]








A brief explanation of the major categories identified in Table 1 is provided below.
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Table 2. An extract of the AHP questionnaire for pairwise comparison.






Table 2. An extract of the AHP questionnaire for pairwise comparison.





	
Please circle the important major criteria from the comparison pair and rate the importance of the pair compared with the other by marking “X” in the relevant scale

	
Special Comments




	
Comparison Pair (A—automation, B—communication

and data sharing, C—occupants’ comfort, D—energy

management, E—health and safety, F—sustainability)

	
Level of Importance




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
A vs. B

	

	

	

	

	

	

	

	

	

	




	
A vs. C

	

	

	

	

	

	

	

	

	

	




	
A vs. D

	

	

	

	

	

	

	

	

	

	




	
A vs. E

	

	

	

	

	

	

	

	

	

	




	
A vs. F

	

	

	

	

	

	

	

	

	

	




	
B vs. C

	

	

	

	

	

	

	

	

	

	




	
B vs. D

	

	

	

	

	

	

	

	

	

	




	
B vs. E

	

	

	

	

	

	

	

	

	

	




	
B vs. F

	

	

	

	

	

	

	

	

	

	




	
C vs. D

	

	

	

	

	

	

	

	

	

	




	
C vs. E

	

	

	

	

	

	

	

	

	

	




	
C vs. F

	

	

	

	

	

	

	

	

	

	




	
D vs. E

	

	

	

	

	

	

	

	

	

	




	
D vs. F

	

	

	

	

	

	

	

	

	

	




	
E vs. F

	

	

	

	

	

	

	

	

	

	




	
Please circle the important sub-criteria from the comparison pair and rate the importance of the pair compared with the other by marking “X” in the relevant scale

	
Special Comments




	
Comparison Pair (A1—BMS, A2—automatic occupants

traffic control, A3—asset tracking, A4—remote monitoring,

A5—data gathering devices with sensor networks)

	
Level of Importance




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
A1 vs. A2

	

	

	

	

	

	

	

	

	

	




	
A1 vs. A3

	

	

	

	

	

	

	

	

	

	




	
A1 vs. A4

	

	

	

	

	

	

	

	

	

	




	
A1 vs. A5

	

	

	

	

	

	

	

	

	

	




	
A2 vs. A3

	

	

	

	

	

	

	

	

	

	




	
A2 vs. A4

	

	

	

	

	

	

	

	

	

	




	
A2 vs. A5

	

	

	

	

	

	

	

	

	

	




	
A3 vs. A4

	

	

	

	

	

	

	

	

	

	




	
A3 vs. A5

	

	

	

	

	

	

	

	

	

	




	
A4 vs. A5
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Table 3. Pairwise comparison of SB criteria.
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	Smartness Criteria
	A
	B
	C
	D
	E
	F





	A
	1
	K1
	K2
	K3
	K4
	K5



	B
	1/K1
	1
	K6
	K7
	K8
	K9



	C
	1/K2
	1/K6
	1
	K10
	K11
	K12



	D
	1/K3
	1/K7
	1/K10
	1
	K13
	K14



	E
	1/K4
	1/K8
	1/K11
	1/K13
	1
	K15



	F
	1/K5
	1/K9
	1/K12
	1/K14
	1/K15
	1



	Total
	L1
	L2
	L3
	L4
	L5
	L6
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Table 4. Normalization data entries of pairwise comparison of SB criteria.
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	Smartness Criteria
	A
	B
	C
	D
	E
	F
	Sum
	Performance Score





	A
	1/L1
	K1/L2
	K2/L3
	K3/L4
	K4/L5
	K5/L6
	M1
	M1/M = N1



	B
	(1/K1)/L1
	1/L2
	K6/L3
	K7/L4
	K8/L5
	K9/L6
	M2
	M2/M = N2



	C
	(1/K2)/L1
	(1/K6)/L2
	1/L3
	K10/L4
	K11/L5
	K12/L6
	M3
	M3/M = N3



	D
	(1/K3)/L1
	(1/K7)/L2
	(1/K10)/L3
	1/L4
	K13/L5
	K14/L6
	M4
	M4/M = N4



	E
	(1/K4)/L1
	(1/K8)/L2
	(1/K11)/L3
	(1/K13)/L4
	1/L5
	K15/L6
	M5
	M5/M = N5



	F
	(1/K5)/L1
	(1/K9)/L2
	(1/K12)/L3
	(1/K14)/L4
	(1/K15)/L5
	1/L6
	M6
	M6/M = N6
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Table 5. Model consistency calculation matrix.
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	Smartness Criteria
	A
	B
	C
	D
	E
	F
	Sum Value
	Sum/Weight





	A
	1 × N1
	K1 × N2
	K2 × N3
	K3 × N4
	K4 × N5
	K5 × N6
	P1
	P1/N1 = a1



	B
	1/K1 × N1
	1 × N2
	K6 × N3
	K7 × N4
	K8 × N5
	K9 × N6
	P2
	P2/N2 = a2



	C
	1/K2 × N1
	1/K6 × N2
	1 × N3
	K10 × N4
	K11 × N5
	K12 × N6
	P3
	P3/N3 = a3



	D
	1/K3 × N1
	1/K7 × N2
	1/K10 × N3
	1 × N4
	K13 × N5
	K14 × N6
	P4
	P4/N4 = a4



	E
	1/K4 × N1
	1/K8 × N2
	1/K11 × N3
	1/K13 × N4
	1 × N5
	K15 × N6
	P5
	P5/N5 = a5



	F
	1/K5 × N1
	1/K9 × N2
	1/K12 × N3
	1/K14 × N4
	1/K15 × N5
	1 × N6
	Z5
	Z5/N5 = a5
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Table 6. Saaty’s random consistency index.
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	N
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10



	RI
	0.00
	0.00
	0.52
	0.89
	1.11
	1.25
	1.35
	1.40
	1.45
	1.49
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Table 7. Scoring system to evaluate smart commercial buildings.
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Criterion Rank

	
Smart Criteria

	
Performance Score (%)






	
(1)

	
Building automation

	
45.59 (A)




	
1

	
Building management system (BMS)

	
22.43 (A1)




	
2

	
Automatic occupants’ traffic control

	
21.46 (A2)




	
3

	
Asset tracking

	
19.84 (A3)




	
4

	
Remote monitoring

	
19.27 (A4)




	
5

	
Data gathering devices with sensor networks

	
16.99 (A5)




	
Total Score = (A1 + A2 + A3 + A4 + A5) × A




	
(2)

	
Communication and data sharing

	
18.76 (B)




	
1

	
Cloud-based data sharing and storage

	
28.96 (B1)




	
2

	
Data protection

	
24.25 (B2)




	
3

	
Internet of Things

	
20.52 (B3)




	
4

	
Wireless technologies

	
15.27 (B4)




	
5

	
Cyberphysical system

	
11.00 (B5)




	
Total Score = (B1 + B2 + B3 + B4 + B5) × B




	
(3)

	
Occupants’ comfort

	
12.91 (C)




	
1

	
Indoor air quality

	
24.21 (C1)




	
2

	
Visual comfort

	
21.09 (C2)




	
3

	
Acoustic comfort

	
18.32 (C3)




	
4

	
Thermal comfort

	
14.71 (C4)




	
5

	
Smart appliances for personalized control

	
13.11 (C5)




	
6

	
Space utilization and passive design

	
8.56 (C6)




	
Total Score = (C1 + C2 + C3 + C4 + C5 + C6) × C




	
(4)

	
Energy management

	
8.94 (D)




	
1

	
Smart metering

	
33.82 (D1)




	
2

	
Energy storage

	
24.46 (D2)




	
3

	
Intelligent controls for energy management

	
17.27 (D3)




	
4

	
Energy efficient procedures development and usage

	
14.04 (D4)




	
5

	
Adaptive energy management systems

	
10.42 (D5)




	
Total Score = (D1 + D2 + D3 + D4 + D5) × D




	
(5)

	
Occupants’ health and safety

	
8.51 (E)




	
1

	
Assistance to people for health care

	
29.86 (E2)




	
2

	
Security and access control

	
24.63 (E1)




	
3

	
Emergency response

	
17.17 (E3)




	
4

	
Movement detection

	
14.71 (E5)




	
5

	
Weather prediction and disaster response

	
13.64 (E4)




	
Total Score = (E1 + E2 + E3 + E4 + E5) × E




	
(6)

	
Sustainability features

	
5.28 (F)




	
1

	
Renewable energy sources

	
32.57 (F1)




	
2

	
Water conservation

	
25.71 (F2)




	
3

	
Material conservation

	
16.50 (F3)




	
4

	
Land conservation

	
13.25 (F4)




	
5

	
Usage of waste management strategies

	
11.98 (F5)




	
Total Score = (F1 + F2 + F3 + F4 + F5) × F




	
Final Score = A + B + C + D + E + F
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