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ABSTRACT: In this paper, the authors provide an overview of what are Digital Twins (DT), why DTs provide advantages to facility management (FM) practices and how can a DT be implemented. Focusing on healthcare facilities, the paper defines how a DT implementation can support two broad areas in healthcare: facility maintenance and space management. A case study of an operating room (OR) is used to illustrate the implementation of a DT prototype. Realtime sensor data is linked to an OR BIM using Azure cloud services and Microsoft Power BI. An example dashboard is created in Power BI to demonstrate various visualization tools of Power BI and its interaction with live sensor data. The authors also reflect on how the system architecture proposed in this paper can reduce the complexity of creating a DT and how standardization in DT creation can support the scalability of the discussed DT prototype.

introduction

Digital Twins are gradually catching on across the full spectrum of the A/E/C industry and particularly in the field of facility operations and management. A Digital Twin is envisioned to be a highly complex virtual representation of a physical asset or space capable of integrating and analyzing data from multiple sources and ultimately diagnosing and validating various scenarios virtually and providing instructions to the physical twin to improve performance (Digital Twin: A Complete Knowledge Guide, 2022). Various researchers and industry leaders have categorized Digital Twins into various levels based on the complexity of real-time data integration, the ability to use the data to perform analysis, and the use of the data to perform simulations to predict critical issues and provide operational instructions for improvements.
A Digital Twin can be considered as an upgrade to the currently used Building Information Models (BIMs). The concept of a Digital Twin of an asset extends beyond BIM (Peng et al., 2020) and provides the ability to represent live operational data of a building system, connect with data sources such as IoT devices, analyze building system performance and provide useful insight to assist with facility management. While BIM can be viewed as a low-level digital representation of an asset or a building that can be analyzed before building it and has been leveraged to improve the design and construction phase of a building by preventing errors and improving construction efficiency, a higher level of Digital Twin can benefit the operation and maintenance phase of the building.  
Kritzinger et al., 2018 divided Digital Twins into three sub-categories; (1) Digital Model, which is a digital representation of the physical asset with the manual flow of information to and from between the physical and digital counterparts, (2) Digital Shadow, which is a digital representation of the asset with data flowing automatically from the asset to the digital counterpart and manually from the digital counterpart to the asset, and (3) Digital Twin, where data flows automatically between the physical asset and its digital counterpart. However, these sub-categories are not independent of each other and with the increased level of automation and tools to analyze data a Digital Model can become a Digital Twin. 
Principle Digital Twin Architecture
The authors propose a principal schema that defines the main components required to build and deploy a Digital Twin solution. As shown in figure 1, the proposed schema architecture is based on the use of a central platform that can integrate the BIM graphics with asset data and real-time operational data from installed IoT devices in the physical space or building. This central platform should also be capable of providing tools to manipulate the model graphics and visualize and analyze an asset and operational data. The proposed schema allows a bi-directional flow of information to and from the central platform implemented using software such as Microsoft Power BI. The physical asset can be modeled using model authoring platforms such as Autodesk Revit. Real-time data from installed IoT devices (e.g. sensors, edge devices, etc.)  can be linked to the central platform using available APIs. Based on commercially available software platforms, owners/operators can use services like Amazon AWS or Microsoft Az[image: ]ure to create a scalable and secure Digital Twin.
Figure 1. Systems Architecture to create a Digital Twin

Bujari et al., 2021 defined five key technology building blocks that are required to build a successful Digital Twin solution: 1) Data Link to move data to and from the Digital Twin, 2) Modeling to represent the physical asset, 3) Deployment of Digital Twin on a platform that fits the needs of the user (Owner or Facility Managers), 4) APIs to monitor and control the flow of information to and from the Digital Twin and its physical counterpart, and 5) Security to prevent information theft and misuse while the information flows between the Digital Twin and its physical counterpart. The authors have identified and mapped these key building blocks to their own proposed schema architecture shown in Figure 1. 
Digital Twin for Facility Management
Digital Twin for Facility Management can help support maintain, validate, and analyze building life-cycle data. A continuous flow of real-time information is required for the effective and efficient management of a building (Seghezzi et al., 2021). Seghezzi et al., 2021 tested the use of an IoT camera-based sensor to monitor the occupancy of a building which can lead to the creation of Digital Twin to support better decision making. Lu et al., 2019 worked on developing a framework for smart asset management using Digital Twin. Similarly, Bujari et al., 2021 presented a design and building blocks of a Digital Twin solution for Urban Facility Management. They also created an Interactive Platform for their Digital Twin concept. Xie, Lu, Parlikad, and Schooling, 2020 propose the use of the analytical abilities of Digital Twin to find the anomalies in asset performance and support asset maintenance. Peng et al., 2020 described how the adoption of a Digital Twin supported by the general contractor can prove beneficial during the design, construction, and operation and maintenance phase of a hospital building.
In this paper, the authors discuss the development of a Digital Twin for an operating room (OR) in an existing hospital in Colorado. The Digital Twin is implemented using commercially available tools including Power BI, VCAD, and Microsoft Azure to monitor the OR environment during its operation.
Section 2 of this paper identifies the possible use cases for a Digital Twin implementation to support space management and facility maintenance needs in healthcare facilities. Section 3 introduces the case study used for the Digital Twin development along with a brief description of the data collected from the physical twin using various sensors. The details of the development of the Digital Twin are described in section 4. The paper concludes with a discussion and conclusion sections (5 and 6).
DIGITAL TWIN TO SUPPORT SPACE MANAGEMENT AND FACILITY MAINTENANCE NEEDS IN HEALTHCARE FACILITIES
To develop a Digital Twin for a health care facility, it is important to first understand its needs and identify areas that can benefit from the implementation of Digital Twins. In this section, the authors identify two broad healthcare facility management areas that can greatly benefit from a Digital Twin implementation: Space Management and Facility Management. This is based on the personal experiences of the authors as well as discussions with clinical staff. The following sections also detail how a Digital Twin benefits each area and define the requirements needed for its implementation.
Space Management
Space management involves performing entry and updates of facility spaces (rooms). This includes updating architectural drawings and assigning occupants, categories and types, and departments to spaces. Area measurements are a key data point and requests to have area measurements by the previously listed data types are a frequent request. Space management also includes managing clinical furnishings and planning occupant and department moves. Six areas or scenarios are identified that can benefit from a Digital Twin implementation.
Track Care Provider Access to Patient Rooms
Clinical staff entry to patient rooms can be tracked via RFID. This can help in providing information regarding the reason for the visit and the individual care provider’s details if the patient is being treated by numerous care providers. Additionally, this can track the providers’ movements for process improvement and also assist in tracking the transmission of infections and diseases to improve future protocols. Historical data stored in a Digital Twin regarding care providers’ movements can also assist in improving future building designs.
To implement this feature in a Digital Twin, new badges with RFID must be issued to the doctors and clinical staff.
Control and Manage Changes to Patient Room Climate
Provide capabilities for patients to control temperature, lighting, shade opening/closure, etc. in their rooms using an iPhone/iPad or other mobile devices. This information can be correlated to a patient’s condition or type of treatment in a Digital Twin. This information can also be later used as historical data to improve patients’ comfort. Based on regularly captured information, room temperature, lighting, etc. can be automated for future patients with a similar health record. This implementation can also impact energy consumption and future design decisions. To implement this feature, a Digital Twin would require access to data received from mobile devices as well as control rights to the climate control system.
System-Level Climate Control Settings
In cases where patient rooms do not have local climate control, the rooms are controlled by the building management system (BMS) thermostat. The data for energy use can be correlated to the performance of room wall elements such as pre-cast, window glass type, etc. This information can help in answering questions like does heat transfer for an installed glass type matches the advertised performance.
To implement this scenario in a Digital Twin, performance specifications for building envelope components (e.g. insulation and heat transfer ratings) need to be captured in the BIM and verified against performance data for energy consumption measured from BMS for a specific space or the entire facility.
Monitor Operating Room (OR) Key Parameters
In the United States, standard temperatures for operating rooms are usually kept in the 70 to 75°F (21 to 24°C) range (Ellis, 1963). Relative humidity requirements range from 50 to 60%. A Digital Twin can capture the current temperate, humidity, and occupancy of the OR to compare against required values defined by health care standards. A Digital Twin can also monitor the N2O (nitrous oxide), airflow, and particulate contamination levels within the OR. These are other key parameters that aid clinical staff maintain a sterile air environment in the OR. This implementation requires specialized sensors to be installed in the OR to allow for measuring airflow near exhaust grills and supply diffusers, temperature and humidity, occupancy, and N2O levels. Captured data in the Digital Twin can also be exported to external analysis software such as Autodesk’s Computational Fluid Dynamics (CFD) to perform a detailed analysis of the OR airflow levels. This analysis can be visualized and monitored in the Digital Twin to support corrective decision-making.
Monitor Temperature Rises for Freezers
It is essential to monitor the temperature of freezers that contain temperature-critical pharmaceuticals or specimens. A Digital Twin can trigger a warning and identify the location of those freezers that may incur a sudden temperature change from a specific set point.
A Digital Twin can also analyze trends in temperature change such as afternoon heat increases in rooms containing freezers and make predictions to change (increase or decrease) supply air temperature to maintain the set point for the room temperature.
Track Patient Room Vacancies
When a patient is discharged, an occupancy sensor can track when the patient vacates a room and notify staff that a room is ready for cleaning and sanitation. An algorithm would need to be developed so that sensors don’t mistake a patient leaving room for testing or treatment with an actual discharge. This helps keep track of patient rooms and ensures the rooms are clean and available for new patients.
Locate Tools and Clinical Furnishings
Location of tools and patient furnishings like cribs, patient recliners, wheelchairs, and so on, can be monitored and tracked through Digital Twins. This can help find misplaced or forgotten items via sensors and indoor mapping leading to cost savings. Sensors must be attached to tools and furniture items that need to be tracked and the Digital Twin should be equipped with indoor floor maps to graphically show where assets are located.
Facility Maintenance
This second category refers to performing preventive and corrective maintenance on building equipment including testing, cleaning, lubricating, and repairing work. It also includes monitoring building automation systems and addressing alarms, warnings, and fault diagnostics. Facility maintenance also ensures that federal and state inspections are addressed according to required standards and guidelines.
Five areas or scenarios were identified for implementation. The following sub-sections detail how a Digital Twin can provide benefits related to facility maintenance and define the requirements needed for its implementation.
Monitor Maintenance Work Orders for MEP Equipment
Monitoring maintenance work orders for MEP equipment using Digital Twins allows facility managers to track asset performance and ensure that a specific equipment model is compatible and satisfactory for the function and area it is serving. If the asset is outside of the maintenance norm for its type, this may be an indication that the asset may be inadequate or incorrectly specified for the service it is providing. For example, if a fan coil unit has several work orders entered, the data could show it is underrated for the area it is serving (design issue), the brand or model is not of good quality, or the unit has a defect. This information can impact and inform future designs and equipment selection.
The Digital Twin will need to access the specific work order management system to track the frequency of work orders for each equipment type. Work order data from the CMMS will be linked to the BIM to analyze each piece of equipment in the model.
Track and Monitor Facility Technicians for Safety and Other Purposes
In many maintenance and repair situations, technicians are often working individually in lightly traveled areas. If injured or incapacitated no one may become immediately aware of their situation. Sensors on work order technicians can track their location and detect if they have fallen or need immediate assistance. Occupancy or motion sensors installed throughout the facility and/or wearable sensors on the workers themselves (with accelerometers) all linked to the Digital Twin can trigger an alarm indicating the occurrence of the emergency and showing the location of the impacted technician via indoor floor maps. The Digital Twin needs to be trained to distinguish a true emergency from a false occurrence. For example, distinguish and discern a fall from a jump.
Use of Drones to Capture Heat Leaks on Building Exteriors
External heat leaks can correspond to areas where water can enter the building. Images of heat leaks captured through drones could be geo-located to the Digital Twin. Using these images facility technicians can safely perform an exterior survey. If a leak is identified, workers can be directed to the leak area instead of having to physically search the building exterior. Drone readings can also be shown as heat maps in the Digital Twin dashboards. The drone can transmit live feeds of the infrared readings to the Digital Twin. If not, the video recorded by the drone can be uploaded to the Digital Twin where it can be correlated to positions in the model.
Monitor Hand Sanitizers
Hand sanitizers became a more critical requirement as a result of COVID-19. When a hand sanitizer reaches a low level, a sensor can be triggered which notifies the staff that the sanitizer needs to be refilled. The sanitizer’s location and refill status can be tracked using the Digital Twin improving efficiency and increasing health safety.
DIGITAL TWIN PROTOTYPE OF AN OPERATING ROOM: CASE STUDY
Principal Approach
The prototype created in this research focuses on the implementation of a Digital Twin to capture and monitor data for OR key parameters (explained in 2.1.4 above) including temperature, humidity, N2O levels, particulate contamination levels, and airflow differential. The Digital Twin prototype is implemented using Microsoft Power BI as the central hosting platform, VCAD to export the BIM into Power BI, and Azure Services to transfer operational sensory data to the Power BI application.
[image: Diagram

Description automatically generated]Figure 2 shows the flow of information and how the different software platforms are integrated for the development of the Digital Twin prototype. In Power BI, graphical elements representing sensors from the BIM are linked with related sensory data imported from the Azure SQL database and displayed in various dashboards using various BI visualization tools. Data can then be visualized and assessed to make decisions related to the functioning of the Operation Room.
Figure 2. The flow of Information to create the Digital Twin

Based on the knowledge, requirements, and resources available to the users, other commercially available software can also be used to create a Digital Twin. Citizenith provides its users with tools to create their own Urban Digital Twin which is a 3D representation of the built environment and connected to a large amount of data (What Are Urban Digital Twins? - Urban Digital Twin Benefits & Value, 2022).  Ecodomus software helps users create BIM-based Digital Twin to support design improvement, construction data collection, and project handover (Digital Twin for facilities and infrastructure, 2022). Autodesk has also recently released their new software called “Tandem” a cloud-based Digital Twin platform capable of creating a Digital Twin as part of project handover to the building owners and operators.  Instead of using VCAD to export the BIM into Power BI users can also use iConstruct Genus (iConstruct Genus - iConstruct, 2022) or Pro Revit Tools (Pro Revit Tools | MG, 2022). Users also have the option of using Amazon Web Services in lieu of Azure services to capture, transmit and store sensor data.
Operating Room 3D model
The OR model selected to create the Digital Twin includes supply air ducts supplying air over the operating table. The supply ducts are represented in blue as shown in figure 3. The operating room also has four
return grills located at the room corners and closer to the floor to move the air away from the patient and prevent any contamination. The return air ducts are shown in green in figure 3. The model also shows the exhaust duct in red and supply diffusers, return grill, and Variable Air Volume (VAV) box in orange.
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Figure 3. Navisworks file of the OR
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Description automatically generated]The model includes four sensors to measure humidity, temperature, particulate contamination, N2O levels, and airflow differential. The temperature, humidity, and N2O sensors are located near the entrance door while the particulate contamination and airflow sensors are located within the return ducts shown in figure 4.
Figure 4. Sensor locations in the Navisworks model
Sensor Data Source
For this research, sensors providing required data are connected to a Raspberry Pi computer.
A DHT11 composite humiture sensor was used to measure humidity and temperature. Values for temperature and humidity are collected every 15 minutes The temperature reading generated is in degrees Celsius and the humidity reading is in percentage. 
Particulate contamination levels are monitored using the PMSA003I sensor. The PMSA003I sensor works on the principle of laser scattering and can detect particle concentrations between 0.3 to 10 micrometers in the air. The sensor provides particle count per 0.1L of air. The INAIL and ISO 14644-1 put the airborne particle threshold limit for ISO 5 Class OR at 3520 particle/meter cube for a particle with a diameter greater than or equal to 0.5 micrometers (Romano, Milani, Ricci and Joppolo, 2020). The data collected for the particulate contamination should be collected only when the OR is operational.
As the authors were unable to identify a sensor to measure airflow in the OR, a mock-up of airflow data was created by authors utilizing the literature reviewed. Based on the literature review, 20 Air Changes per Hour are required in an operational OR (Khankari, 2018).  This statistic is converted into CFM to set the benchmark for the airflow measurement. A minimum of 1261 CFM was required to be maintained in the OR. Based on the calculated minimum CFM the mock-up airflow data was created and exported to a csv file to be used as airflow reading in the Digital Twin. The data collected for the airflow should be collected only when the OR is operational.
The N2O is measured using the MQ-135 sensor that outputs N2O concentration in part per million. Based on the literature review it was identified that the permissible N2O concentration in an OR needs to be 25 ppm as a time-weighted average when OR is operational (NIOSH, 1994). Figure 5 shows sample data generated by sensors and airflow mockup data.
Figure 5. Sample data for temperature, humidity, particulate contamination, N2O levels, and airflow differentials.
creating the digital twin in power bi
Model Conversion
The mechanical and architectural Revit files of the hospital project are exported as nwc files and appended in Navisworks. Using Navisworks tools, graphical elements of the three OR suites are isolated from the rest of the model. 
Once the OR suits are isolated, a single suite is selected. the authors then used the iConstruct plug-in for Navisworks to generate a nwd containing only the isolated OR. This step is done to produce a small size nwd file and decrease the processing time required to convert the nwd to a Power BI template. The newly generated nwd of the OR suite is uploaded to the VCAD web application. VCAD web application at the time of this research can convert model files of type .rvt, .nwd, and, .ifc into Power BI templates. VCAD is also available as a plugin for BIM 360 allowing for the conversion of a wide range of model types when uploaded to BIM 360. 
Additionally, the authors linked their Autodesk Forge account to VCAD. This allows VCAD to add Autodesk 3D viewer to the generated Power BI template when processing the Navisworks model file, providing additional navigational tools to the 3D viewer. Once the Power BI template file is generated, it is opened using the MS Power BI application to build the Digital Twin and perform further analysis.
Data Integration and Transformation
Sensor data for temperature, humidity, N2O, and particulate contamination is imported to the Azure SQL database using Azure services before it can be integrated into Power BI. First, using the Raspberry Pi, data is collected from each sensor. To collect sensor data the authors used publicly available/open-source python code that could convert the sensor readings into human-readable format. This piece of code would change depending upon the type of sensor used. The code authors used to read temperature and humidity data generated by the humiture sensor is provided by Sun Founder (GitHub - sunfounder/SunFounder_SensorKit_for_RPi2: SunFounder Sensor Kit V2.0 for Raspberry Pi 2, 2022). Once the data is converted into the human-readable format the sensor needs to be linked to Azure IoT Hub. This is done by adding a piece of python code that links the sensor and its data to a specific Azure IoT Hub (Pankovs, 2022). This code is also publicly available but will be the same irrespective of sensor type.
The data generated by sensors in this research are transferred through the Azure IoT Hub to the Azure SQL database using Azure Stream Analytics. An Azure IoT Hub acts as a central location for all the sensors that are part of a common workflow or that share the same functionality. Owners and facility managers can create one or more IoT Hubs depending on their requirements or needs. Using IoT Hub multiple sensors can be controlled from a central location.
Once the sensors are connected to an IoT Hub data from these sensors need to be stored in an Azure SQL Database. Azure SQL server can hold multiple databases which in turn can hold multiple tables. Owners and facility managers can store data collected from the same OR in a single table or data from each sensor type can be stored in individual tables.
The data coming from sensors in this research needs to be stored in SQL Database in real-time. To achieve this, the authors have used the Azure Stream Analytics service. Azure Stream Analytics allows for real-time capture and transfer of data (data streaming) from IoT Hub to Azure SQL Database for storage in various databases. Each Stream Analytics job can 
connect only one IoT Hub to a specific SQL table. Before the data is stored in SQL Database, using SQL language users can filter, transform and format the data coming from IoT Hub. Depending on the facility needs owners and facility managers can select rows and columns for data that will add the most value to their Digital Twin solution.
Once the sensor data for this research starts streaming into Azure SQL Database, it is stored in three different tables based on the data type. In Power BI these tables are imported as direct queries allowing for automatic update of data in Power BI at a pre-defined interval. Table 1 shows the summary of how different data are being imported into Power BI.

	Table 1. Data Summary

	Data Type
	Data Source
	Transfer Mechanism

	Temperature
	DHT11 and Raspberry Pi
	Azure Service and SQL Database

	Humidity
	DHT11 and Raspberry Pi
	Azure Service and SQL Database

	Particulate Contamination
	PMSA003I and Raspberry Pi
	Azure Service and SQL Database

	Airflow
	Mockup data by the authors
	.csv

	N2O
	MQ-135 and Raspberry Pi
	Azure Service and SQL Database


Sensor data tables in Power BI are then linked to the model element tables to link graphical elements representing sensors to facilitate simultaneous model and data navigation in Power BI. This is done by linking specific fields in the sensor data tables with corresponding columns in the data table representing graphical model elements.
	VCAD generates an “ObjectId” parameter with a unique value for each graphical element when generating the Power BI file from the nwd. This parameter is included as a column in multiple model tables generated by VCAD and imported with the graphics in Power BI. To link sensor tables to model tables column with a similar parameter name “ObjectId” is added to all sensor tables and the tables are linked using a many-to-one relationship between the “ObjectId” columns of the two tables. 
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Description automatically generated]Data Scrubbing and Transformation
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Description automatically generated]Sensor data imported into Power BI may contain missing values, errors, or data in a format not suitable for the creation of the Digital Twin. For example, temperature sensor data is output in degrees Celsius. As most facility managers and US standards use degrees Fahrenheit to measure temperature, it is important to change the data type for the temperature column from Celsius to Fahrenheit. The authors of this research also had to combine readings from the particulate contamination sensor to calculate the concentration of particles that are larger than or equal to 0.5 micrometers. The particulate contamination sensor gave an individual reading for the concentration of particles with sizes 0.3, 0.5, 1.0, 2.5, 5.0, and 10 micrometers per 0.1 liters of air. The reading for particle sizes greater than or equal to 0.5 was combined and the concentration was converted from per 0.1 liters to per meter cube of air as part of the data transformation step for this research.
With respect to data scrubbing, as the standard detection condition required for the N2O sensor is a humidity of 65%±5% and temperature of 68°F±2°F, the authors omitted any N2O reading for the OR temperature below 68°F and humidity above 65% as these readings can be incorrect.
Power BI Dashboard
Using Power BI visualization tools, several dashboards are created that focus on reporting real-time data on how building systems are performing in the OR. 
Figure 6 shows the dashboard created to display the 3D model with data from all sensors using the Power BI Gauge visualization tool. The dashboard is scheduled to refresh every 15 minutes to display the most current data. Area 1 of the dashboard displays the date and time corresponding to the data being displayed. Area 2 shows different data categories for the OR suite. Each category visual can be used to isolate the data and highlight the sensor location in the 3D model. Figure 7 shows data and 3D model filtered when selecting the Airflow rectangle in Area 2. Knowing the location of the sensor OR in charge can remove the furniture that might be responsible for low airflow in the OR.
The 3D model of the OR is displayed in Area 3 of the dashboard. This 3D model is connected with the filters and information displayed on the dashboard.
which means that the user can select information from the dashboard and isolate the corresponding 3D model element and vice versa. Area 4 displays real-time information sent by the sensors and is updated every 15 minutes. Figure 6 shows that the OR is having an issue maintaining the airflow and N2O levels.

Figure 6. Dashboard to monitor building systems in the OR suite
	Figure 7. The airflow sensor location is shown in the dashboard
Discussion and conclusion
Madubuike, Anumba, and Khallaf, 2022 suggested three potential limitations leading to the slow adoption of Digital Twin in the construction industry, (1) highly technical and complex steps required to set up Digital Twin, (2) security concerns over a large amount of data being collected over multiple endpoints, and (3) lack of budget in project fee schedules for the application of Digital Twin.
These limitations were recognized while developing the Digital Twin prototype presented in this paper. Power BI provides users with the ability to create customized dashboards that can convey information that is most important to the facility staff depending on the project type. Power BI when integrated with Azure Services allows for the visualization of real-time sensory data that can prove critical in facilities such as health care.
The modeling of the physical asset was done using Revit and was available as a project handover deliverable from the general contractor. Microsoft Power BI was used as a common platform to receive data from multiple sources and visualize the data. Sensor data from the physical asset was collected, stored, and integrated into Power BI through Microsoft Azure Services. This system architecture required low-level coding experience from the authors hence overcoming the limitation of technological experience. The sensor data is being collected, stored, and integrated through Azure Services which provides various security options at different pay ranges, hence improving the security of data transmission (Introduction to Azure security, 2022). 
The cost of creating a Digital Twin is variable as it depends on the amount of data the users are transmitting through Azure, how the data is being stored and secured as well as the cost of sensor material and installation. In addition, there is the added cost of software licenses such as VCAD. Sharing the dashboards with different stakeholders would require the added cost of Power BI Service (cloud-based) to be added to the project fee schedule. But as the adoption of these tool increases the cost of the required resources is expected to decrease making this system architecture more economically feasible. 
In this research, Azure Services were used to connect, capture, and store sensor data. For the proposed system architecture to be scalable, the authors suggest defining a standard naming convention for various parameters in Azure Services. This would allow for better identification and management of services involved in the creation of Digital Twins for a large project. One example would be to develop a naming convention for IoT Hub names while connecting sensors and data to one or more hubs in the Azure IoT Hub service. For example, IoT Hub “Hub001-Rm100-BldgG450” is the IoT Hub for sensors located in room 100 in building G450. 
Another area that needs attention in future research involves the automatic linking of sensor data to 3D model elements in Power BI using the element IDs. The authors had to manually link the ObjectId of each 3D element to the corresponding sensor data. This would become a laborious process for a building with 1000s of sensors. Proposed future research will explore the use of the model element’s Navisworks GUID or Revit element ID that can be accessed and exported before the 3D model is converted into Power BI to automate the model element and sensor data linking process in Power BI.
Another future research area includes exploring the use of Digital Twins in other healthcare areas identified in section 2 and providing cost-effective easy-to-build Digital Twin solutions. As a step forward toward future research, the authors are exploring how the developed prototype can be further expanded to support the energy efficiency goals of a healthcare facility to meet state and federal mandated energy regulations.
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