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Abstract

:

The objective of this study was the definition and determination of sustainable water consumption indicators for activity categories, as well as the evolution of water consumption in commercial buildings. These indicators were determined through statistical analyses using Shewhart charts. Within a broader scope, the research proposed a methodology to automate sustainable management of water consumption in building operation using BIM–IoT–FM integration. The scientific rigor of the methodology was based on the precepts of design science research. The methods proposed for the construction of functionalities and the application of the reference indicators provided an optimized analysis of water consumption and the detection of excess consumption and leaks. The methodology, implemented in an online prototype, AquaBIM, could deliver a significant advance for building management. A conceptual test of AquaBIM evaluated the consumption indicators and validated our methodology through its application in a commercial building. The building consumption analyses showed a potential for approximately 15% savings. In addition, five requirements of the international sustainability certification AQUAHQE were met. The results of our research provide an innovative approach for the automation of sustainable building management and could be expanded to monitor and report on the consumption of other critical resources such as electricity and gas.
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1. Introduction


Water scarcity due to factors such as global warming, population increase, and urban growth rate is an increasing concern worldwide [1,2]. Water scarcity is becoming a critical problem, and it will require innovative solutions for the efficient use of water. Researchers, organizations, and governments have been engaged in the search for innovations for the rational use of water to achieve a more equitable distribution among those in need. Studies have indicated the essential need to adopt principles of sustainability in water management for all sectors of society, including residential and commercial. The architecture, engineering, construction, and operation (AEC/O) industry has become one of the main protagonists of this new paradigm and has played an important role in the global environmental balance, especially in mitigating the impact in building operations.



Urban water consumption has consistently affected the global water cycle, making water resource management crucial [3,4]. The problems arising from contemporary challenges and the need to build new paradigms for urban water management have required new consumption proposals [5]. A new management paradigm should include the complete urban hydrological cycle, considering, for example, the improvement of productivity and efficiency of water use [6], the adoption of incentives for the reuse of gray water, and the use of natural systems for sewage treatment [7].



Facility management (FM) has become an important operational process to improve the performance and sustainability of a building, especially when integrated with Building Information Modeling (BIM) and Internet of Things (IoT) sourced data. IoT devices, such as smart meters, provide new opportunities for research in various fields.



The application of facilities management (FM) in building operation and maintenance has been identified as a promising method to satisfy the current requirements for sustainable water consumption [8]. Recently, the integration of building information modeling (BIM) with Internet-of-things (IoT) resources in FM has gained importance in the construction of practical applications and has opened new frontiers of research in this field [9,10].



The objective of this study was to develop a methodology for the management of sustainable water consumption in the microenvironment of commercial buildings. Therefore, we needed to identify and describe sustainable indicators of water consumption for different activities. These indicators were determined by applying Shewhart’s control charts, a statistical method applied to the digital data collected during building operations. The automation of this sustainable management methodology has become an important goal to encourage and facilitate the adoption of sustainable practices during operation. To this end, the methodology was implemented in a prototype for the web, through which it would be possible to automate the generation of information for the analysis and comparative review of the building consumption. The proposed solution investigated the impact of this automation on water management using the integration of information from the BIM and the smart meter database to monitor water consumption in real-time during building operation.




2. Literature Review


2.1. Importance of Water Management


The current compromise of urban water security has created an urgent need for more effective water management. Nika et al. [11] stated that water was the natural resource that had suffered the most damage from urban growth. Brears [4] warned about the need to change urban water management paradigms. One premise was the realization that water has a limited quantity, and all these factors must be considered for effective water management. Several researchers have highlighted the need to adopt new approaches to long-term water management, including sustainability and equity measures [12]. Brears [13] added that actions must be designed in an integrated and coordinated way to conduct an effective management of urban water and water in nature with institutional policies at individual scales. Antzoulatos et al. [14] argued that traditional water management was inadequate as new technologies were available to revolutionize the management of urban water systems. A sustainable urban water system must privilege contemporary socio-economic development without compromising the future supply [15].



All sectors of society must contribute to the success of this new paradigm. A small improvement in water-use efficiency can result in a significant reduction in consumption over time. Therefore, traditionally ignored sectors, such as residential and commercial sectors, should be considered [16]. The commercial sector accounts for approximately 20% of urban water consumption in the European Union and Australia, indicating considerable savings potential [17,18].




2.2. The Use of Digital Technologies in Water Management


New advances in information technologies (IT), such as the Internet of Things (IoT), offer important opportunities for urban water management. Simultaneously, the data processing and storage capacity increased substantially, resulting in the generation of more comprehensive databases, which allows new types of analysis [19]. Technological resources play an important role in achieving sustainable water management and can also provide the necessary data for the development of new water management methods [20]. Researchers are motivated to investigate new solutions for sustainable water management. Hering et al. [21] reported the importance of seeking new sustainability solutions to improve the use of already available resources. Among other actions, these advancements can occur through improving the efficiency of existing water supply systems, effectively using information to manage demand, desalination, and post-treatment inclusion of wastewater.



Smart meters (SM) are innovative devices used to remotely capture readings of building water consumption. Data collection can take place in very short time intervals, which are then stored on servers or in a cloud database [22,23]. Data from smart meters have encouraged the emergence of new lines of research, including recent studies on water consumption [24].



Boyle et al. [25] stated that the continuous monitoring of water consumption using smart meters constitutes an information feedback system and an auxiliary procedure for strategic planning. Studies in Australia, the United States, and some European countries have increasingly employed smart meter data since the 2000s [22]. Willis et al. [26] analyzed the water consumption of 150 households in Australia using smart meters to establish a relationship between socioeconomic status and water consumption. Liu and Mukheibir [27] conducted a literature review surveying the consumption of residential buildings using smart meters, and they concluded that the smart meters led to an average reduction of 5.5% in water consumption.




2.3. BIM–IoT Integration in Facility Management (FM)


There has not been a consensus on the definition of facilities management (FM) [28]. Initially, the foundations of facilities management were developed in the United States to organize people, processes, and spaces in corporate environments [29]. Chotipanich [30] advocated a holistic approach to FM fundamentals, balancing the internal and external factors that structure decision-making. According to the recent ISO 41001 [31], the following principles must be considered for the improvement of FM systems: leadership, planning, support, operations, performance evaluation, and improvement.



In the life cycle of a building, the operation and maintenance stages are the longest for the application of this concept [29]. Traditional building operation and maintenance can involve many management skills [29]. In addition, the concept was expanded to cover other aspects, including sustainability. Specifically, facility management can support goals for the reduction in water and energy consumption in new and existing buildings [8,9].



Building information modeling (BIM) is a methodology used to automate and modernize the civil construction sector [32]. BIM is used to build 3D digital models to capture, organize, and share information at all stages of a building’s life cycle [33]. Succar [34] argued that BIM integrated the spheres of technology, policies, and processes. According to Gao and Pishdad-Bozorgi [35], investments in the development of BIM applications could transform FM in the operational phase. Gürsel [36] noted that for buildings to achieve sustainability and high performance during their life cycles, their functionality must be monitored over time.



FM–BIM integration gained relevance by combining information from external sources with geometric data from BIM to visually analyze and identify the investigated elements [37]. BIM provided a suitable platform to update the information needed for FM [38]. Kelly et al. [39] demonstrated that FM–BIM integration has renewed the debate on how to improve the performance of buildings. Furthermore, Pärn et al. [28] observed that FM–BIM integration promoted data recovery through BIM in project integration and construction, maintenance, and operation activities, which results in better FM solutions.



FM, which encompasses water consumption management, has been impacted by the development of emerging digital technologies such as IoT, especially when integrated with BIM [40,41]. IoT systems allow smart devices to establish a connection via the internet to provide data in real time, thus allowing the control of the physical parameters of the environment [42]. The integration of these three technologies have allowed the construction of a new paradigm to establish sustainability criteria for buildings with a significant reduction in energy and water consumption [43].




2.4. Sustainable FM


The AEC/O industry significantly influences the global environmental imbalance. Developed countries consume 40% of energy and emit 30% of greenhouse gases [44]. These rates are not acceptable for sustainable development, and the sector is under pressure to reduce their negative impacts. When the entire life cycle of a building is considered, 80% of building costs are related to operations [45]. These factors have encouraged studies on more efficient buildings and improved FM [46].



Reducing the environmental impacts caused by the construction industry has led to FM as a field of knowledge. Sustainable FM is part of a broader concept of development. The evolution of this field of research has accompanied the growth of environmental concerns [47,48]. Maximizing the performance of buildings [46], optimizing energy consumption [49,50], and minimizing negative impacts are covered by green maintenance [47]. Market competition, government requirements, technological advances, and cultural changes are the main factors influencing the construction industry to adopt sustainable management [51].



The way buildings are operated affects their consumption of natural resources and can impact the sustainability of the planet in the near future [9]. Roper [52] noted that companies that pursue environmental sustainability through the design, construction, and operation of sustainable buildings have a better reputation and greater success in the global economy. Elmualim et al. [53] argued that sustainable FM can contribute to reducing the environmental impacts caused by buildings. The initial construction and the subsequent building operation and maintenance must be managed in a sustainable society [9,54].




2.5. Shewhart Control Charts


Statistical process control (SPC) was proposed in the 1920s but only became popular in the 1960s due to the work of Deming and Juran [55]. One of the main tools of SPC is control charts. Control charts have three fundamental objectives: reduce variability, monitor, and estimate process quality parameters. Figure 1 shows the control lines in one of these graphs: the control line (CL) represents the mean value of the sample between a lower control line (LCL) and an upper control line (UCL), respectively, the minimum and maximum limits. Control limits indicate the allowable variation in a process. If the plotted points are within these limits, the process is in statistical control and, therefore, not caused by random events. Otherwise, the process is considered out of control and needs to be revised [55].



Building a Shewhart control chart involves two steps. The first is to establish the control limits and determine the characteristics of the studied parameters. In the second step, the determined parameters are used to monitor the process over time [55].



Traditionally, SPC has been used to monitor industrial processes; however, its range of applications has expanded over time [56,57].



Recent studies have shown that control charts have been used at three levels of water management. At the macro level, studies have generally monitored water quality parameters [58,59,60,61]. At the urban level, studies have been conducted to identify pipe leaks and assess repair response times [62,63]. At the building level, Freitas et al. [64] studied water consumption in a university building using water-saving devices. However, studies at the micro-level are scarce.




2.6. Corelated Works


Innovative contributions to this research include the proposed methods for defining and determining sustainable indicators of water consumption to support management decisions. These indicators have been used to automate the management of facilities in commercial buildings to reduce the environmental impacts of water use, in line with the arguments of Hörisch et al., 2015 [65].



The following studies, including the present research, have presented similar approaches for the development of environmental strategies, using tools and indicators for sustainability management. Although developed using different perspectives, these studies corroborate the objectives of this research.



In 2015, Hörisch et al. analyzed the application of different sustainable management tools used by large companies to reduce their environmental impact. The issue of water, for example, was considered from an economic perspective that related water use to company sales and revenues. The authors use an ASSET4 database to analyze these parameters against a global dataset, as opposed the building-scale approach proposed in this paper.



The work by Zhongming et al. [66] presented tools to determine the sustainable indicators for complex systems. They suggested that sustainable indicators were important tools to support decision-making, as they could provide an accurate assessment of the issue and identify its virtues and limitations. This work had a theoretical connotation and presented extensive bibliographic research. Nika et al. [11] developed a conceptual framework to assess indicators of water circulation across multiple sectors (e.g., energy, agriculture, urban, and industrial water). They investigated feedback loops between socio-economic and environmental sectors. The methodology of Nika et al. [11] selected and specified the sectors involved, performed data collection, calculated indicators, analyzed their impacts, and presented the results. The authors used an Excel spreadsheet to analyze the data and calculate the indicators.



Although the study investigated the use of water more broadly and with different objectives, the basic principles of this methodology were similar to those of the present research. The comparison of the two studies indicated an important difference in this research, due to the integrated use of BIM, IoT, and FM technologies for the development of a methodology and its implementation in a computational online prototype to automate building management.



The following works also examined BIM–FM–IoT integrations, and the authors developed systems to exchange information between BIM and digital data collected in real time.



Hu et al. [67] created a hybrid system (BIM + RFID database + energy management software), which used a database to generate analysis parameters to improve the performance of a building during operation. Bonci et al. [68] used multiple types of BIM as data centralizers, which allowed them to conduct customized simulations. The study determined performance indicators from industrial management metrics called overall throughput effectiveness (OTE), where the platform monitored multiple systems together. In the approach investigated by Tagliabue et al. [69], a mobile application was developed that monitored sustainability parameters in real time. The methodology used BIM parameterized by existing sustainability parameters Leadership in Energy and Environmental Design (LEED) for online monitoring of the subject building. In addition, the methodology encouraged users to improve behaviors and updated the sustainability rating score.



These studies applied FM using technological and methodological principles similar to those proposed in this paper; however, their applications involved different types of consumption sources, predominantly the management of electricity consumption.



Some research has focused on sustainability in the use of water. For example, studies have investigated municipal water management [65,66] and residential consumption [22,25,26,27]. In the literature, however, there has been little research on the treatment of sustainability in FM for commercial buildings.



Our innovative proposal provides a solution using the BIM–IoT–FM integration associated with sustainable indicators of water consumption for activities in commercial buildings. The present work used Shewhart control charts as a statistical model. Procedures similar to those applied in this research were used in the work by Braga et al. [70], which proposed a system to monitor real-time energy consumption in buildings. Statistical process control techniques were applied to analyze periods of energy consumption, using a cumulative sum control (CUSUM) chart. The system identified unusual demands and failures and generated reports for management. In the work by Braga et al. [70], the energy consumption readings were considered individually while the use of BIM analyzed the data while integrating the geometric and non-geometric information of the building with the water consumption data.



The automation of building water management, including the definition of parameters and the reference consumption ranges, represents an improvement over traditional management. It provides new instruments to detail water consumption in a building in a clear and accessible way. These highlights show the progress achieved in improving the performance of buildings by reducing the consumption of natural resources and achieving sustainability over time.





3. Research Methodology


The scientific methodology of design science (DS) serves to develop technological research that employs artifacts as a means of investigation. Design science research (DSR) describes the methodological processes for the researcher to achieve the necessary scientific rigor [71].



The determination of sustainable consumption indicators, within the scope of this research, is a fundamental step in automating water management in buildings.



Hevner [72] describes a three-step DRS cycle (relevance, rigor, and design). Figure 2 shows the research framework of defining indicators based on these principles. In the relevance cycle (1), the fundamental concepts, problems, and opportunities of the investigated areas of knowledge were raised, as presented in the literature review. In the rigor cycle (2), the scientific methods are presented to define the water consumption indicators proposed in this work. These references were used in the construction of a computational online prototype developed in the design cycle (3), where its evaluation is also presented. The indicators were applied to assess the water consumption of an existing building presented in Section 4. The results provide the feedback cycle, validate the scientific contributions, and provide support for new research.



3.1. Rigor Cycle


The rigor cycle can be divided into five steps, as described below.



3.1.1. Activity Categorization (I)


To measure sustainable water consumption in a building, it was necessary to categorize the activities that contribute to this consumption. The categories were defined according to two criteria. The first considered the use of water. In this case, two sub-categories were defined. Some activities were categorized by establishments, which use water as an essential input for their operation. Other uses were grouped into activity categories, which use water as an input to perform secondary tasks, such as cleaning. The second criterion defined the category sample by the number of establishments with the same activity. According to Montgomery [55], the samples were required to have 20–25 elements to estimate the quality parameters using control charts. The minimum sample for carrying out a statistical study was at least four units. The categories of activities defined in this step were part of the BIM to classify establishments.




3.1.2. Data Capture (II)


The information necessary for the calculation of sustainable consumption indicators was captured by smart meters (SM) and had to be integrated and treated in BIM for subsequent use.



Figure 3 shows the information flow, which was modeled in a database to allow its reuse in the operation phase using the BIM methodology [33,34]. This research was conducted using Autodesk Revit platform to build the BIM. Consumption data were measured and stored in a cloud database, from which they could be collected and associated with BIM information.



Consumption data were accessed through a programming interface (API) provided by the smart meter (SM) manufacturer and stored in an SQLite database for easy manipulation. This database was chosen due to its ease of use and its suitability for simple operations. Furthermore, SQlite is open-source and allows the execution of operations using the SQL programming language [73]. Smart meters provided the following real-time data: consumption readings stored in liters, meter ID, and the date/time of reading.



Graphs for analyzing the results required access to and the use of data from two available sources. The integration of these data was performed using the information modeled in the SQlite database. The smart meter consumption data were associated with BIM information for each registered store. A specific function was developed to sort the data by date, activity category, name, and store area. The results were exported to a free software environment called “R” for statistical computing, which then plotted control charts.




3.1.3. Shewhart Chart (III)


Control charts were plotted based on the CL, LCL, and UCL, as shown in Figure 1. The amplitude of the limits varied according to the standard deviation value used in the calculations. The present research used the three-sigma value (3σ) of amplitude, which is the default value used for practical applications and scientific research [74].



The consumption data used for the analyses corresponded to the period of one year. The graphs were plotted using the R statistical software environment. The R software environment is an integrated package for data manipulation, calculation, and graphical display tools. It included open-source code and package libraries that offered different functionality and had a simple programming language that allowed customization using scripts [75]. R has been a popular tool in the scientific community [76] and has been commonly used in academic studies [77]. In this research, the quality control charts (qcc) package from the R environment [78] was used to perform the statistical process control (SPC) functions, draw Shewhart charts, and to determine sustainable consumption indicators.



The reference unit L/m2 was adopted to standardize the analyses and reduce the number of variables involved. The sustainable consumption indicators calculated were proportional to the area of the stores, enabling comparisons between stores of different sizes within the same activity category. The database was analyzed by an SQLite script. This script divided each store’s water consumption (L) by its area (m2), identified and removed outliers in the variability graph, and then generated   X ¯   graphs based on the calculated values of the CL, UCL, and LCL. Figure 4 shows an   X ¯   chart model. The x-axis represents the analyzed months, and the y-axis represents the average water consumption corresponding to samples of stores in certain categories.




3.1.4. Sustainable Water Consumption Indicators (IV)


For this research, the CL in Figure 5 determined the reference value, which was used as the sustainable consumption indicator for each category. The control limit values defined the consumption ranges: high, standard, and atypical.



	
High-consumption range—values above the UCL indicated excessive water consumption.



	
Standard-consumption range—values between the UCL and the LCL indicated consumption within the standard range.



	
Atypical-consumption range—values below the LCL indicated unexpectedly low consumption, which should be analyzed (e.g., closed store).






The definition of these bands and the determination of sustainable consumption indicators allowed the development of graphic functionalities to automate and facilitate water management. Specifically, these functionalities were designed to produce, analyze, and interpret consumption information associated with each store and activity category. The analyses used the color pattern, as shown in Figure 5, to facilitate data interpretation. The red, green, and blue colors represent the high-, standard-, and atypical-consumption ranges, respectively.




3.1.5. Water Management Functionalities (V)


The methodology proposed eight functionalities to automate water management in buildings, which included the guidelines of the plan–do–check–act process of the ISO 41001 standard on FM [31]. This process consisted of establishing objectives (plan), implementing (do), monitoring and measuring (check), and taking actions (act), which promoted performance improvement. Such functionalities were designed to allow the monitoring of current and previous consumption.



In addition, the consumption analyses resulting from the aforementioned functionalities were performed either on a global scale of the building, individually by store, or by activity categories, as summarized in Table 1. The functionalities for consolidating the annual evolution of the global consumption of the building and by category of activities, as shown in Table 1, issued graphical reports of the results. Other functionalities for monthly consolidation of consumption and alarms by activity category were presented using spreadsheets.



Functionalities for individual store analysis.



Store Consumption in Current Month: This graph presented the accumulated store consumption in the current month up to the day of the query. The value was compared against two reference values: the accumulated consumption during the same period in the previous month and the total consumption from the previous month (Figure 6).



Consumption history: The graph showed the evolution of the store’s consumption history over four months, starting from the selected month. The bars represent the store’s actual consumption each month; the colors indicate high, standard, or atypical consumption (Figure 7).



Functionalities for stores grouped by activity category.



Consumption by activity category: This functionality allowed us to assess the current consumption for the day and month of a set of stores grouped by activity category. The results of the analyses were presented in graphs in order to compare these consumptions against the reference consumptions from previous periods. The current day’s consumption was compared to the day’s consumption of the previous fourth week. The accumulated consumption in the current month was compared with the accumulated consumption corresponding to the same period of the month in the previous year.



Consumption history by activity category: This important functionality allowed us to determine the consumption history by activity during previous periods. Consumption in a day or month, specific to a previous period, could be analyzed. For the historical consumption of any day, the comparative reference value was the consumption of the day four weeks prior to the selected date. Figure 8 shows the results of the analysis of historical consumption in a given month. The interpretation of this graph enabled the comparison of the consumption during that month against the reference consumption during the same month in the previous year. The results of the analysis presented the consumption of each category in blue and the reference consumption in brown. The cut lines, in blue and red, showed the limits of atypical and high consumption, respectively, and the control line represented the value of the sustainable consumption indicator for the category. Atypical- and high-consumption cutting lines defined the standard consumption range.



Reporting functionalities.



The functionalities provided four types of reports, through which it was possible to evaluate and interpret the evolution of the building’s consumption by activity categories. The following reports were issued to assist in building management.



Evolution of Global Consumption (Building): This report provided a graph of the evolution of building consumption month-by-month during the chosen year. Textual data also showed the total consumption of the building and the months of maximum and minimum consumption with their respective percentages in relation to the total consumption.



Evolution of Consumption by Category of Activity: The evolution of consumption was presented through an individual graph by category or by a set of graphs for various activity categories. The individual graphs were accompanied by the sustainable consumption indicator line for the category, which indicated whether the category had any period of excessive consumption during the year.



Consumption Analysis: This analysis provided reports presented in spreadsheets, where various aspects of the monthly consumption of each category in the chosen year were detailed. The worksheet organized consumption data from sets of stores for each activity category according to their consumption range, classified as atypical, standard, or high. The worksheet showed the consumption analysis data, which were presented by activities in a given month/year, according to the consumption range of the set of stores. For each activity category, the following data were organized by monthly consumption: number of stores, consumption in liters per square meter, and in total liters. The consumption ranges of each set of stores in the category were represented in colors, blue for atypical, green for standard, and red for high. The worksheet also presented the values of the consumption cutoff limits in liters per square meter for the atypical- and high-consumption ranges and the value of the sustainable consumption indicator for the standard-consumption range.



Excessive consumption estimate: A second spreadsheet of the consumption analysis functionality presented the results of the excessive consumption estimate in the chosen month/year and also allowed us to evaluate the financial impact of the excess for each category. The excess consumption estimate was calculated by subtracting the value of the UCL in liters (L) from the consumption value (L) above this line. The spreadsheet data organized by activity category showed the number of stores with excessive consumption, the value of UCL (L/m2), the area (m2) of the UCL (L), and the value of excess consumption (L). The financial impact of this excess was shown through its cost in local currency. This worksheet was useful for assessing sustainability issues in water consumption in buildings. The data and interpretation of these analyses could enable an entity to study and plan feasibility actions to obtain international sustainability certificates, for example, by fulfilling the requirements of the buildings in operation–sustainable management module of the AQUA Haute Qualité Environnementale (AQUA-HQE) certification [79].



Alarm Analysis: This functionality provided a report with the analysis of triggered alarms to indicate excessive consumption on days of a chosen month/year. The results were presented in three spreadsheets with relevant information for sustainable management and control of excess consumption and leakage. The first worksheet consolidated the excess consumption data of stores in a given month/year, showing the name of the store, the number of days of alarms triggered, the average value of daily consumption in liters, the value of excess consumption in liters, and the cost of this excess. The criterion considered necessary to trigger the alarm was consumption above 20% of the average daily consumption value for the year.



The second worksheet presented the details of the information indicating the names of the stores with alarms in the month, the identifying numbers (ID) of their smart meter, the dates of occurrence of the alarms, and the consumption in liters on that date. The third worksheet listed the number of alarms triggered per year.





3.2. Design Cycle


In the design stage, the proposed methodology was implemented in a computational online prototype called AquaBIM. The prototype modelled and integrated information from BIM and data from smart meters to implement sustainable building management. The implemented functionality generated graphical reports, which allowed us to analyze the integrated information more efficiently. Figure 9 shows the design of the standard AquaBIM interface.



The interface was divided into four parts. The first, shown in Figure 9a, allowed direct interaction with BIM. The second enabled the input of parameters for temporal analysis and is shown in Figure 9b. The third provided access to the types of functionalities for the analyses. The water management functionalities were divided into three groups: store management (I), building management (II), and reports (III), all available in the standard interface (Figure 9c). The last one showed the graphic representation of the analysis results in graphs and tables, as shown in Figure 9d.





4. Contributions of the Methodology Embedded in AquaBIM for Sustainable Management


This section describes with the methodology’s contributions to sustainable management. The smart meter database used to conduct the research recorded data from approximately 50,000 m installed in 35,000 buildings, including residential and commercial buildings. Within this context, a compatible large commercial building was selected as the object of this research. Flores and Ghisi [16] suggested that determining sustainable consumption indicators for large buildings was important to establish benchmarks for comparisons among similar types of buildings.



A concept test was performed in the chosen building, using data from the year 2019, to evaluate the methodology implemented in AquaBIM and to validate the consumption indicators in a real-world consumption situation. The building selected for the AquaBIM application was the Central Market in Belo Horizonte, Brazil. This traditional municipal market was built in 1929 and specializes in the trade of food products and regional handicrafts (Figure 10). During the studied period, in 2019, there were approximately 400 stores, distributed by sectors, in an area of 14,000 m2.



AquaBIM’s features pointed towards automated management, which would improve the building’s performance through reduced consumption and controlling leaks. Automated facility management employs strategic planning and decision-making in the pursuit of sustainability.



During the application of AquaBIM, relevant contributions to a sustainable management were identified. Some could be highlighted, such as the importance of defining sustainable consumption indicators by activity category, the identification of temporal patterns of consumption for some categories, the fulfillment of criteria to claim a sustainability certification such as the AQUA-Haute Qualité Environnementale (AQUA-HQE), the interactive management of the building’s facilities with BIM, and the analysis of the reports issued that assessed and interpreted the building’s consumption.



4.1. Determination of Sustainable Water Consumption Indicators


An important contribution of this research was the determination of sustainable water consumption indicators, which were defined following standard and statistical criteria. One of the criteria used was the classification of stores by activity categories. The determination was performed using a statistical study using the Shewhart graphs in the R software and considering a historical series of data collected for one year. The information and data used to determine the indicators were sourced from the integration of BIM database and consumption data captured online through 361 smart meters. As it is an old building, the BIM of the Central Market was built from the original CAD designs and technical visits. The online readings of the water consumption considered in the survey were captured between January and December of the previous year. For the Central Market study, the determination of sustainable indicators required a classification of stores into 17 categories of activities, detailed in Table 2.



The indicators of sustainable water consumption calculated by activity category in the Central Market for the year 2019 are shown in Table 3.



The proposed sustainable water consumption indicators were compatible with the criteria defined in the methodology in accordance with the characteristics of the activities. Reliable indicators were important for management to account for information to support sustainability decision-making [65].



The calculated consumption indicators served to support the sustainable consumption analyses performed in this research. The basis of the methodology for defining these indicators could be generalized for application in similar sustainability studies of other types of consumption.




4.2. Identification of Temporal Patterns of Consumption


The statistical study included in this work to determine sustainable consumption indicators produced results that could identify of temporal patterns of consumption during the year in certain categories. Annual consumption of different activity categories was grouped into three temporal patterns of consumption, as described below.



Pattern 1—Some activities showed a pattern of consumption with variations throughout the year, as shown in the graph in Figure 11. At the beginning of the year (January–June), consumption showed a downward trend, remaining stable in the middle of the year (June–August) and then trending upward during the last four months (September–December). Water consumption was higher in the hottest months of the year and lower in the coldest months, indicating a correlation between the water consumption of these activities and weather conditions. The pet, food, industrial, dairy, and craft activity categories showed this pattern.



Pattern 2—This pattern was presented by certain activity categories, in which consumption was higher at the beginning of the year, with a continuous downward trend (Figure 12). The graph showed a descending line divided by the sustainable consumption indicator into two distinct regions. The periods of consumption above and below the sustainable indicator were proportional throughout the year. The consumption of the meat market and supplement categories indicated this pattern.



Pattern 3—Some categories showed a pattern with little variation in consumption during the year (Figure 13), which remained close to the sustainable indicator, indicating stability in consumption. The beverages, herbs, edibles, restaurants, and hair salon/barbershop categories indicated this pattern.



The detection of consumption patterns by analyzing the evolution of consumption in Mercado Central was an important contribution to the field. Our results could support the planning of strategic actions in accordance with the seasonal consumption characteristics of activity categories, for which it would be possible to predict peaks in consumption throughout the year.




4.3. AQUA-HQE Sustainability Certification


The analyses of water consumption performed by AquaBIM enabled us to objectively evaluate the criteria relating to the “water” category of the Haute Qualité Environnementale (HQE) sustainability certification. HQE is a French certification that promotes good practices in pursuit of sustainable management quality during the life cycle (construction, operation, and renovation) of commercial and non-commercial buildings.



The present research used the technical document Practical Guide AQUA-HQE: Buildings in Operation–Sustainable Management [79] as a reference. In this guide, the criteria for certification were divided into 14 categories (terrain, components, construction site, energy, water, waste, maintenance, hygrothermal comfort, acoustic comfort, visual comfort, olfactory comfort, quality of spaces, air quality, and quality of water). The “water” category was used as a model in this research for a sustainability management category that could meet some of the following requirements for HQE certification [73]: recording the water consumption of the building in a reference period; reducing the water consumption of the building; limiting the risk of water leaks; optimizing consumption readings; regularly analyzing water consumption; optimizing the maintenance of water management equipment; and ensuring the monitoring of demands in relation to olfactory comfort.



The management of the Central Market with AquaBIM results showed that it met the first five requirements previously mentioned.



The requirement to record the consumption of the building was met by AquaBIM with automatic readings of consumption from smart meters. Additionally, the determination and application of sustainable indicators defined consumption ranges for categories of activities through the analyses performed over 12-month periods.



The results were consolidated in reports issued by AquaBIM, and the results indicated the adoption of measures to control and reduce water consumption. The consumption analyses were used to define austerity goals and policies and also to propose incentives to mitigate the impact of excess and leakage. The results showed that the Central Market had significant potential for improvement for greater sustainability. The estimated excess consumption of 3750 m3 per year corresponded to 15.44% of the building’s global consumption. This percentage represented a potential for savings that was equivalent to the highest of the three required HQE certification percentages, which is considered the best practice level [79]. A management plan with actions aimed at reducing water consumption could, for example, obtain an international sustainability certification such as the AQUA-HQE.



The issuance of real-time alarms to monitor non-standard consumption was a feature of our AquaBIM, which met the certification requirement for leak control and monitoring. Data regarding alarm occurrences could be analyzed for appropriate action.



Real-time consumption reporting by smart meters optimized their consumption reporting, as required by HQE. These data were uploaded to AquaBIM, and the requirement to regularly analyze consumption was met. The interpretation of these data could further optimize the sustainable management of the building.




4.4. Interactive Management of Building Facilities with BIM


BIM methodology introduced a new paradigm and revolutionized the AEC/O industry. The adoption of a single database for the entire life cycle of the building, especially in the operational stage, enabled important advances in civil construction technology. Collaborative work and information sharing between professionals from different areas allowed the resolution of conflicts a priori, through the compatibility of projects. The methodology for sustainable water management in buildings represents an important scientific and technological advance, following the trend of civil construction in adopting the BIM–IoT–FM interaction for sustainable management in the operating phase of the building.



The interactions and interactivity of sustainable management with a building’s BIM could be important resources for the operational functioning of AquaBIM, as they would allow access and manipulation of information through graphic elements (Figure 12). BIM has semantic features to filter information and integrate different databases [41]. These characteristics facilitate the application of AquaBIM features in building management.



The operation and maintenance during a building life cycle are marked by the occurrence of dynamic changes with a certain frequency. Model geometry data due to architectural changes and non-geometric data due to changes in store activities, among others, undergo constant changes during the daily life of a building.



The use of information from a single 3D BIM for the management of buildings represented one of the main innovations of this research, as it enabled dynamic updates. The interactivity of BIM with management methods could improve the process of automatically and reliably updating information. The development of AquaBIM’s functionalities was based on the ISO 4100 standard on FM, where the requirements for improving the operation based on monitoring information were considered. FM has become an important operational process to improve the performance and sustainability of a building, especially when integrated with BIM and IoT device data.



BIM provides three operational functionalities to automate building management. In store management, consumption analyses can be performed by selecting the store using BIM. Simply choosing a store for analysis provides its basic information such as its location in the model, name, typology, owner, water meter number, type of activity, and area.



The data processed by AquaBIM feed BIM the results of the analyses of the stores individually or of an activity category, using the spatial representation of the stores in a defined color pattern.



Finally, an important functionality of BIM is the issuing of leak alarms in real time with the identification of the store. These alarms meet the requirement of limiting the risk of water leakage in a sustainability certification and also allow for the prompt reporting of events for resolution. Real-time alarms, with the identification of the store, allows for continuous monitoring of a building throughout the year. When AquaBIM triggered an alarm, the alarm indicator was activated on BIM. This interactivity of AquaBIM with BIM indicated the store where the alarm occurred and enabled the verification of leaks. This functionality also issued monthly reports on alarms, with details of the stores where they occurred, the number of alarms issued, and the related excess consumption and cost incurred.




4.5. Management Reports


The issuance of consumption reports by AquaBIM was an important feature for sustainable consumption management via the reporting and interpretation of the analysis results that were then presented in texts, tables, and graphs. The interpretation of the results of these reports enabled us to evaluate the evolution of the individual consumption of the stores, of the building, and of the activity categories according to their consumption range. In addition, the analysis of the reports characterized the consumption profile of the building. The global consumption of water in the Central Market in 2019 was approximately 24.3 M liters, a value broken down by consumption range, as shown in Figure 14. The graph indicated that approximately half of the stores had consumption within the standard range, which also corresponded to almost half of the total water consumption. A smaller number of stores (20%) accounted for 40% of total consumption in the high-consumption range. Finally, the graph showed that nearly 30% of the stores had low total consumption within the atypical-consumption range.



One of the AquaBIM reports showed the evolution of consumption by categories and revealed consumption profiles during the year. Figure 15 activity categories whose consumption was seasonal and had marked consumption peaks. The analysis and interpretation of the annual evolution of consumption also allowed us to assess the impact of each category within the context of the building. This same analysis enabled us to predict periods of higher consumption during the year and to identify sudden variations due to possible leaks.



The evolution of consumption could be analyzed across all categories simultaneously, for groups of categories, or for an individual category. For individual consumption, the sustainable consumption index for the category was also shown for comparison.



An important source of information for the sustainable management of the Central Market was available in the report “Analysis of Consumption”, where monthly consumption had been broken down by activity categories. The sustainable consumption indicators for each category were used, together with the control limits, to define groups of stores according to their consumption ranges. The details of the consumption information for these groups are presented in tables. Table 4 shows that establishments in each category with consumption below or above the control limits were classified as atypical and high consumption, respectively. Stores with consumption within the range defined by the control limits were assigned default consumption. In this table, the following information is detailed: number of stores, cut-off limit or consumption indicator, consumption in liters per square meter and in liters, and the impact on global consumption (%). The interpretation of the results identified the activity categories with the highest gross consumption due to a large number of stores, such as crafts. Large relative consumption categories in liters per square meter were also identified although there were fewer stores. The restaurants category, for example, had an impact of almost 12% on the building’s consumption of 2.12 M liters during the month, considering that only six stores were classified as high consumption.



Table 5 shows the number of stores with excess consumption by category, the value of this excess in liters, and its financial impact. In addition, it shows the volume of excess consumption in liters of the entire building and its incurred costs.



Based on the analysis of the reports, the average global consumption of the building was 3343 L/m2 and the annual average of excess consumption was approximately 3.75 M liters, which represented 15% of global consumption. Excessive consumption was not always due to waste; it could also be related to inherent activities for the operation of the establishment.





5. Discussion


The objective of this study was to develop a methodology to automate the sustainable management of water consumption in the micro-environment of commercial buildings using the online AquaBIM application. The integration of BIM methodology with data from IoT smart meters provided a novel method for FM during building operation.



The application of AquaBIM as a test concept delivered reports that reflected the evolution of consumption in the study subject, the Central Market, and it identified monthly and annual patterns of consumption by activity categories. The automation of analyses by AquaBIM and the monitoring of real-time consumption represented an advance in the management of water consumption. Sustainable management planning is reliant on factors such as a definition of the criteria for the use of water in consideration of sustainability certification, the identification of activity categories with the greatest impact on consumption, and the regular assessment and quantification of consumption and excess, among others. The analysis of the information extracted from the reports provided a quantitative and qualitative assessment of water consumption in the Central Market. This information could be used to support decision-making for management planning, with the aim of rationalizing water use, mitigating risks of leakage, and improving equipment maintenance. The interpretation of the results corroborated the feasibility of the research proposal to deliver a methodology that, in practice, promoted sustainable management of water consumption for commercial buildings.



The reference indicators of sustainable consumption defined and determined in this work were important instruments for FM. While authors such as Hörisch [65], Zhongming [66], and Nika [11] applied indicators to address more generic sustainability issues to support decision-making, the present research focused on sustainable water management in commercial buildings. The use of digital technologies was a contemporary approach to improving building performance [46,67,68]. Other studies have examined the management of energy consumption [48,49,50]; however, there remains a paucity of research in water management for commercial buildings [24].




6. Conclusions


Based on design science research (DSR), we employed a BIM–IoT–FM integration and consolidated its objectives for improving facility management in commercial buildings, in the pursuit of sustainable performance during building operation. One of the contributions of the proposed methodology was the determination of indicators for sustainable water consumption, based on Shewhart graphs, that were applied to the FM of the Central Market of Belo Horizonte, Brazil.



The interactivity between the building’s BIM and smart meters enabled the construction of a single database integrating the data from BIM and the building’s consumption. Once implemented in the online AquaBIM application, the methodology provided automated management of water consumption.



Environmental certifications are important benchmarks for assessing the sustainability of buildings. The application of AquaBIM complied with the requirements of the AQUAHaute Qualité Environnementale (AQUA-HQE) sustainability certification regarding water consumption, consumption details, and leakage control. The automated analyses presented the results in tables, texts, and graphs, which indicated the evolution of consumption, the detailed management of water use, and the issuance of alarms in real time. Reports were important instruments for interpreting these results and for assisting in decision-making and action-planning. The results showed, for example, that the Central Market had the potential to save approximately 15% of its annual consumption.



Although the scope of the work was limited to water consumption parameters in commercial buildings, the proposed methodology has a much wider scope for other types of consumption.



Regarding future research, our methodology could provide a perspective for extension and generalization. Activity categories of similar buildings could be included for the application of AquaBIM. Various typologies and activities will require the methodological concepts proposed in this research to be adapted and fitted for their needs. The extension of the methodology to generalize the energy concept and encompass studies on the consumption and sustainability of other resources such as electricity and gas indicate a promising horizon for innovative research.
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Figure 1. Typical control chart. 






Figure 1. Typical control chart.
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Figure 2. Research framework (adapted Hevner 2007). 
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Figure 3. Diagram of the information flow. 
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Figure 4.   X ¯   chart template. 
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Figure 5. Water consumption patterns. 
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Figure 6. Store consumption in current month. 
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Figure 7. Historical store consumption. 
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Figure 8. Monthly consumption history by activity category. 
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Figure 9. AquaBIM standard interface design. 
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Figure 10. Photograph of the Central Market. 
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Figure 11. Water consumption Pattern 1. 
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Figure 12. Water consumption Pattern 2. 
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Figure 13. Water consumption Pattern 3. 
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Figure 14. Global water consumption analysis in the year 2019. 
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Figure 15. Evolution of annual consumption by activity categories. 
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Table 1. Water management functionalities.






Table 1. Water management functionalities.





	
Type of Function

(Analysis)

	
Type of Function (Analysis)

	
Water Management Tools

	
Graphic

Presentation






	
For individual stores

	
Current

(in the month)

	
For the accumulated in the month

	
Chart




	
Historic

	
For evolution in a quarter

	
Chart




	
On a global scale of

the building

(by activity category)

	
Current

(in the month)

	
For the accumulated in the month

	
Chart




	
Historic

	
For the month

	
Chart




	
By activity category

	
Current (on the day)

	
For the current day

	
Chart




	
Current

(in the month)

	
For the accumulated in the month

	
Chart




	
Historic

(set day)

	
To date set

	
Chart




	
Historic

(month defined)

	
For chosen month

	
Chart




	
Reports

	
Yearly

	
Global consumption

	
Chart




	
Yearly

	
Consumption by categories

	
Chart




	
Yearly

	
Consumption analysis

	
Spreadsheet




	
Yearly

	
Consumption analysis

	
Spreadsheet








Some of the functionalities for the analyses are described below.
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Table 2. Description of activity categories.
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	Activity Categories
	Description





	Bars
	Retail business establishment that serves

alcoholic beverages (beer, cocktails),

soft drinks, and snack foods



	Hair Salon/Barber shop
	Hair salon or barber shop



	Craft
	Craft shop



	Dairy
	Dairy stores

(Milk products, especially handmade regional cheeses)



	Dried foods
	Assorted food store

(Chocolate, flour, cookies, nuts, etc.)



	Drinks
	Bottled industrialized beverages shop

(cachaças)



	Flower shop
	Flower shop



	Groceries
	Retail shop that primarily sells food, either fresh or preserved and assorted non-food products



	Herbs
	Medicinal herb shop



	Horticulture
	Fresh fruits and vegetables shop



	Houseware
	Housewares shop

(Small household items such as kitchen utensils, tableware, and decorative objects)



	Industrialized
	Assorted manufactured products (cleaning products, packaging,

religious articles...)



	Pets
	Pet shops



	Meat market
	Meat, poultry, fish



	Restaurants
	Small restaurants and snack bars



	Spices
	Spice shop

(Cinnamon, paprika, oregano, chili, etc.)



	Supplements
	Nutritional supplements shop










[image: Table] 





Table 3. Sustainable water consumption indicator by activity category.
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	Activity

Categories
	Sustainable Water Consumption

Indicator (L/m2/Month)





	Bars
	1402



	Hair salon/

Barber shop
	239



	Craft
	41



	Dairy
	553



	Dried foods
	182



	Drinks
	114



	Flower shop
	183



	Grocery
	154



	Herbs
	148



	Horticulture
	758



	Houseware
	84



	Industrialized
	50



	Pets
	437



	Meat Market
	1027



	Restaurants
	1261



	Spices
	256



	Supplements
	94
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Table 4. Sustainable water consumption indicators by activity category.
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Atypical

	
Standard

	
High




	
Category

	
UCL 1

(L/m2)

	
Consumption

(L/m2)

	
Consumption

(L)

	
IGC 2

%

	
SWI 3

(L/m2)

	
Consumption

(L/m2)

	
Consumption

(L)

	
IGC 2

(%)

	
LCL 4

(L/m2)

	
Consumption

(L/m2)

	
Consumption

(L)

	
IGC 2 (%)






	
Bars

	
≤774

	
696,051

	
818,203

	
3.4

	
1402

	
1206

	
1911,091

	
7.9

	
≥2031

	
3178

	
1,070,870

	
4.4




	
Hair salon/

Barber shop

	
0

	
301,888

	
0

	
0.0

	
239

	
198

	
212,995

	
0.9

	
≥554

	
456

	
32,857

	
0.1




	
Craf

	
≤22

	
32,857

	
22,199

	
0.1

	
41

	
38

	
35,662

	
0.1

	
≥59

	
229

	
696,051

	
2.9




	
Dairy

	
≤402

	
1,560,970

	
693,786

	
2.9

	
553

	
537

	
891,276

	
3.7

	
≥704

	
922

	
1,587,188

	
6.5




	
Dried

foods

	
≤54

	
590,979

	
65,812

	
0.3

	
182

	
134

	
310,071

	
1.3

	
≥310

	
577

	
590,979

	
2.4




	
Drinks

	
0

	
1,587,188

	
0

	
0.0

	
114

	
62

	
120,390

	
0.5

	
≥274

	
518

	
99,508

	
0.4




	
Flora

	
≤10

	
51,015

	
0

	
0.0

	
183

	
217

	
249,590

	
1.0

	
≥355

	
167

	
51,015

	
0.2




	
Groceries

	
≤59

	
122,101

	
92,397

	
0.4

	
154

	
147

	
548,756

	
2.3

	
≥250

	
438

	
258,273

	
1.1




	
Herbs

	
≤17

	
99,508

	
2232

	
0.0

	
148

	
76

	
189,595

	
0.8

	
≥278

	
435

	
158,517

	
0.7




	
Horticulture

	
0

	
258,273

	
0

	
0.0

	
758

	
201

	
474,270

	
2.0

	
≥1552

	
3025

	
1,560,970

	
6.4




	
Houseware

	
0

	
130,286

	
0

	
0.0

	
84

	
34

	
122,642

	
0.5

	
≥175

	
423

	
124,679

	
0.5




	
Industrial

	
≤23

	
158,517

	
54,433

	
0.2

	
50

	
42

	
92,892

	
0.4

	
≥78

	
133

	
111,354

	
0.5




	
Meat market

	
≤183

	
1,912,922

	
38,933

	
0.2

	
1027

	
785

	
2,665,867

	
11.0

	
≥1871

	
2748

	
1,912,922

	
79




	
Pets

	
≤124

	
1,070,870

	
23,381

	
0.1

	
437

	
365

	
562,490

	
2.3

	
≥751

	
994

	
301,888

	
1.2




	
Restaurants

	
≤661

	
111,354

	
401,005

	
1.7

	
1261

	
1252

	
1,723,739

	
7.1

	
≥1860

	
2177

	
2,398,461

	
9.9




	
Spices

	
0

	
0

	
0

	
0.0

	
256

	
150

	
333,622

	
1.4

	
≥550

	
0

	
0

	
0.0




	
Suplements

	
0

	
2,398,461

	
0

	
0.0

	
94

	
34

	
125,247

	
0.5

	
≥187

	
350

	
130,286

	
0.5




	
Global

consumption

	
-

	
-

	
2.212.381

	
9.11

	
-

	
5479.9

	
10.570.195

	
43.5

	
-

	
-

	
11,085,818

	
45.6








1 UCL—Upper Central Line: Cut-off limit for atypical-consumption range (L/m2—average). 2 IGC–Impact on global consumption (%). 3 SWI—Sustainable water consumption indicator (L/m2—average). 4 LCL—Lower Central Line: Cut-off limit for high-consumption range (L/m2—average).
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Table 5. Sustainable water consumption indicators by activity category.
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	Number of

Stores
	ULC 1

(L)
	HCR 2

(L)
	Excessive

Cons (L)
	Cost ($)
	IGC3

(%)





	Bars
	4
	21,715
	696,051
	522,414
	$2.899
	2.15



	Hair salon/Barber shop
	2
	20,595
	301,888
	64,572
	$752
	0.27



	Craf
	14
	2556
	32,857
	2941
	$6.067
	0.01



	Dairy
	3
	75,192
	1,560,970
	780,314
	$4.430
	3.21



	Dried foods
	1
	33,486
	590,979
	256,179
	$531
	1.05



	Drinks
	3
	106,488
	1,587,188
	377,012
	$766
	1.55



	Flora
	0
	3520
	51,015
	15,160
	$244
	0.06



	Groceries
	2
	6089
	122,101
	72,529
	$7.250
	0.30



	Herbs
	4
	5347
	99,508
	46,900
	$9.076
	0.19



	Horticulture
	6
	13,221
	258,273
	116,523
	$431
	0.48



	Houseware
	12
	6506
	130,286
	57,917
	$4.361
	0.24



	Industrialized
	4
	10,004
	158,517
	57,881
	$1.328
	0.24



	Meat market
	5
	120,711
	1,912,922
	610,706
	$3.950
	2.51



	Pets
	1
	65,956
	1,070,870
	386,423
	$34
	1.59



	Restaurants
	2
	5652
	111,354
	41,756
	$692
	0.17



	Spices
	0
	0
	0
	0
	$0
	0.00



	Suplements
	3
	178,155
	2,398,461
	346,881
	$891
	1.43



	Total
	-
	-
	11,083,240.0
	3,756,107.9
	43,700.5
	15.5







1 ULC—Upper limit consumption (L/m2—average). 2 HCR—High-consumption range (L). 3 IGC—Impact on global consumption (%).
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