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Abstract

Building Information Modelling (BIM) integrated with real-time Internet of Things (loT) data streams is emerging as a foundational
approach in the development of architectural digital twins. This study proposes a structured and replicable process to achieve an
architectural digital twin by integrating BIM and loT technologies. In the proposed framework, real-time environmental data from a
35 m2indoor room was collected using Arduino-based sensors and processed through Excel and Dynamo to synchronize with a Revit-
based BIM model. The results demonstrate successful and continuous real-time synchronization of environmental data with the BIM
environment, offering valuable insights for optimizing building performance and comfort conditions. However, limitations such as
scalability to larger spaces and response time delays require further research. The study presents a novel pipeline for smart building
management by integrating real-time monitoring and digital visualization. Future studies should focus on improving automation
workflows, minimizing latency, and extending applicability to complex, multi-room settings. This research contributes to the growing
field of digital twins by enabling data-driven, real-time environmental monitoring and enhanced decision-making for architects and
facility managers.

Keywords: Digital twin, Building information modelling (BIM), Internet of Things (I0T), Automated Visualization, Environmental sensors.
Ozet

Bina Bilgi Modellemesi (BIM) ile gercek zamanli Nesnelerin interneti (IoT) veri akiglarinin entegrasyonu, mimari dijital ikizlerin
gelistiriimesinde temel bir yaklasim olarak ortaya ¢ikmaktadir. Bu galisma, BIM ve loT teknolojilerinin entegrasyonuyla mimari bir
dijital ikizin elde edilmesine yénelik yapilandiriimis ve tekrarlanabilir bir siireg nermektedir. Onerilen cercevede, 35 m?'lik kapali bir
odadan Arduino tabanh sensorler kullanilarak gercek zamanl cevresel veriler toplanmis ve bu veriler Excel ve Dynamo araciligiyla
islenerek Revit tabanl BIM modeline senkronize edilmistir. Sonuglar, cevresel verilerin BIM ortami ile basarili ve kesintisiz bir sekilde
gercek zamanl olarak senkronize edildigini gostermekte ve bina performansi ile konfor kosullarinin optimize edilmesi igin degerli
icgoriler sunmaktadir. Ancak, daha buyik alanlara olgeklenebilirlik ve yanit siiresi gecikmeleri gibi bazi sinirlamalar daha fazla
arastirma gerektirmektedir. Bu calisma, gercek zamanl izleme ve dijital gorsellestirme entegrasyonu ile akilli bina yonetimi igin
yenilikgi bir siire¢ 6nerisi sunmaktadir. Gelecekteki ¢calismalarin, otomasyon is akislarini iyilestirmeye, gecikmeleri azaltmaya ve daha
karmasik ¢ok odali ortamlara uygulanabilirligi genisletmeye odaklanmasi 6nerilmektedir. Bu arastirma, mimarlar ve tesis yoneticileri
icin veri odakli, gercek zamanli gevresel izleme ve gelismis karar verme sireglerini miimkin kilarak dijital ikizler alanina énemli bir
katki saglamaktadir.
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Extended Abstract

Introduction: The Architecture, Engineering, and Construction (AEC) industry is undergoing a paradigm shift through digitalization,
primarily driven by the integration of Building Information Modelling (BIM) and the Internet of Things (loT). BIM offers a
comprehensive digital representation of buildings, facilitating enhanced coordination across design, construction, and operation
phases. In parallel, 10T technology enables real-time data collection through sensor networks, yielding dynamic insights into building
performance. The convergence of these technologies forms the foundation for digital twin systems—uvirtual replicas of physical
environments that can monitor, simulate, and optimize real-world performance. Digital twins are emerging as vital tools in the AEC
domain for improving energy efficiency, sustainability, and occupant comfort. Despite significant potential, their real-world
implementation is often hindered by the absence of automated data synchronization workflows, limited scalability, and fragmented
software interoperability. This study addresses these challenges by presenting a novel, automated framework that integrates BIM
and loT using Revit APIs, Dynamo scripting, Arduino sensors, and Microsoft Excel’s Data Streamer add-in to create a real-time,
dynamic digital twin prototype.

Purpose: This research aims to establish a replicable and scalable digital twin framework that automates the synchronization of real-
time loT sensor data with BIM environments to enable continuous visualization of indoor environmental conditions. Key objectives
include: (1) Developing an automated workflow that links Arduino-based environmental sensors to BIM via Revit, Excel, and Dynamo.
(2) Enhancing indoor environmental monitoring through real-time thermal comfort data visualization and PMV (Predicted Mean
Vote) analysis. (3) Addressing current limitations in scalability, manual intervention, and data latency seen in prior studies. (4)
Demonstrating the applicability of the proposed system through a 35 m? indoor experimental setup, evaluating thermal conditions
under varying ventilation scenarios. This study contributes a novel integration method that is adaptable, user-friendly, and conducive
to improved facility management and design decision-making.

Method: The research employs a prototyping and simulation-based methodology. A BIM model (LOD 500) of a 35 m? indoor space
was developed using Autodesk Revit. Environmental data, including temperature and humidity, was collected using DHT11 sensors
connected to an Arduino Mega 2560 board. Data was streamed in real time to Microsoft Excel via the Data Streamer add-in, which
served as an intermediary data management platform. Dynamo scripting automated the extraction and transfer of this data from
Excel into the Revit model. A custom Python script within Dynamo calculated PMV values, which were interpolated across the room
using parameterized Revit families and visualized through a color-coded BIM layer. This enabled real-time thermal comfort analysis
and visual feedback within the digital twin. The framework was tested under varying window conditions to evaluate its
responsiveness and practical utility.

Findings: The prototype demonstrated full-cycle automation from sensor data collection to real-time visualization within the BIM
environment. Key findings include: (1) Automation: Real-time integration significantly outperformed previous manual or CSV-based
methods, with seamless updates and no user intervention required. (2) Visualization: The system enabled dynamic BIM visualizations
that responded instantly to environmental changes, with clearly interpretable thermal zones aiding decision-making. (3) Accuracy:
PMV values were calculated and visualized automatically, improving the reliability of indoor comfort assessments. (4) Spatial
Optimization: The digital twin highlighted areas of thermal discomfort, guiding iterative rearrangement of furniture to achieve more
uniform comfort distribution. (5) Energy Optimization: The framework enabled proactive adjustments based on real-time insights,
reducing reliance on HVAC systems and enhancing energy efficiency. (6) Scalability: Although demonstrated in a small-scale
environment, the system architecture is designed for scalability, with potential applicability to larger spaces or facilities. Comparative
analysis with previous studies underscored the novelty of this research. Unlike prior efforts that relied on manual data inputs or
lacked visualization automation, this study delivered a fully integrated and automated solution, minimizing human error and
enhancing operational responsiveness.

Conclusion: This study presents a fully automated digital twin framework that leverages BIM and loT integration to enable real-time
monitoring, analysis, and optimization of indoor environmental conditions. By streamlining the flow of environmental sensor data
into a BIM model using tools like Revit, Dynamo, Excel, and Arduino, the system allows for continuous, hands-free updates and
visualizations. The findings reveal the practical value of real-time digital twins in smart building management—improving occupant
comfort, reducing energy consumption, and enabling data-driven spatial planning. Furthermore, the system’s success in guiding
layout modifications based on PMV data validates its potential for use in both design and operational phases. Despite the success of
this prototype, limitations such as the small sample size and lack of broader user feedback were noted. Future research should explore
larger-scale applications and integrate machine learning models for predictive analytics. Additionally, coupling the current workflow
with generative design tools like Autodesk Refinery could enable more advanced, automated design iteration based on
environmental feedback. This research highlights the transformative potential of BIM-IoT integration for smart building systems,
offering a scalable, replicable, and efficient solution for achieving real-time environmental control and performance optimization in
built environments.

Keywords: Digital twin, Building information modelling (BIM), Internet of things (IOT), Automated Visualization, Environmental sensors.
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INTRODUCTION

The Architecture, Engineering, and Construction (AEC) industry is undergoing a digital transformation, driven
by advancements in Building Information Modelling (BIM) and the Internet of Things (loT). BIM provides a
comprehensive digital representation of buildings, enabling stakeholders to manage design, construction,
and operations with greater efficiency and accuracy (Doukari et al., 2023; Park, 2008). Meanwhile, loT
facilitates real-time data collection from physical environments through interconnected sensors and
actuators, offering dynamic insights into building performance (Gubbi et al., 2013; Lu et al., 2020). When
combined, these technologies lay the groundwork for developing digital twins—virtual replicas of physical
spaces that support real-time monitoring and data-driven control of building systems.

Digital twins have gained significant attention in recent years due to their potential to enhance building
sustainability, energy efficiency, and occupant comfort. By integrating loT data with BIM models, digital twins
provide a dynamic, real-time representation of physical assets, enabling proactive decision-making and predictive
maintenance (Chang et al., 2018; Wu & Liu, 2020). However, despite their potential, the practical implementation
of digital twins in the AEC industry faces several challenges, including limitations in automation, scalability,
and real-time data synchronization (Wehbe & Shahrour, 2019). Most prior research lacks a fully automated
and scalable workflow that can continuously update BIM models using live loT data streams.

To address this gap, this study proposes a digital twin prototyping framework that integrates BIM and loT
technologies through an automated pipeline using Revit, Dynamo, Excel Data Streamer, and Arduino-based
environmental sensors. The research focuses on improving real-time synchronization, automation, and
visualization within BIM environments and contributes to the development of scalable smart building systems.

Research Problem

Research demonstrates the advantages of merging loT data with BIM systems, but lacks automation methods
to synchronize data in real-time within BIM models. Most prior efforts depend on manual or CSV-based data
inputs, resulting in delays, reduced responsiveness, and an absence of real-time updates within BIM
environments. Traditional data input through CSV files characterizes most past efforts, creating delays along
with reduced automation while blocking instant building parameter updates. The existing research fails to
properly elaborate on scalability, automation, and data management solutions, particularly in dynamic
indoor spaces where continuous real-time adjustments remain critical for occupant comfort and energy
system optimization.

To overcome these limitations, this study implements a fully automated system that integrates loT sensor
data into BIM models via Revit APIs and Dynamo scripting, leveraging Excel Data Streamer as a live data
conduit. The proposed framework revolutionizes environmental data synchronization by delivering
immediate information updates so that real-time monitoring and automated control systems operate
without human operators. This automation approach contributes a practical, adaptable methodology to the
field of smart buildings and highlights how such integration can be both accessible and effective.

Aim of the Research

This research aims to establish a replicable and scalable digital twin framework that automates the
synchronization of real-time IoT sensor data with BIM environments to enable continuous visualization of
indoor environmental conditions. The study addresses critical gaps in current digital twin implementations
by providing a comprehensive solution that combines automation, real-time data processing, and
visualization capabilities. Key objectives include:
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e Developing an automated workflow that links Arduino-based environmental sensors to BIM via Revit,
Excel, and Dynamo.

e Enhancing indoor environmental monitoring through real-time thermal comfort data visualization and
PMV (Predicted Mean Vote) analysis.

e Addressing current limitations in scalability, manual intervention, and data latency seen in prior studies.

e Demonstrating the applicability of the proposed system through a 35 m? indoor experimental setup,
evaluating thermal conditions under varying ventilation scenarios.

Research Questions

The integration of loT data with BIM models significantly enriches the capability for presenting the real-time
status of a building's thermal comfort and functionalities. The research questions of this study explore how
the introduced loT-BIM integration framework addresses architectural applications by providing enhanced
automated digital twin processes. This study introduces Microsoft Excel as an intermediary platform that
allows real-time loT sensor data transfer through Dynamo scripting into the BIM model visualization layer.
The benefits of using Excel for data management and easy tool integration, combined with its flexible
automatic capabilities, pave the way for real-time decision systems.

1. How can loT data be seamlessly integrated into BIM models to achieve real-time visualization and
analysis with enhanced automation capabilities?

2. What are the practical challenges and limitations associated with implementing the proposed digital
twin process in indoor environments using loT and BIM technologies?

3. How can the proposed digital twin process contribute to enhancing indoor thermal comfort through
real-time data-driven decision-making?

4. In what ways does the proposed framework improve upon existing loT-BIM integration
methodologies in terms of automation, accuracy, and practical applicability?

Scope of the Research

The study entails the development and implementation of a digital twin prototype in a controlled
environment of a 35 m? indoor space, using Arduino and other environmental sensors to update and transfer
data in real time. The proposed framework explores real-time integration of IoT into BIM by utilizing a
structured workflow with tools such as Arduino, environmental sensors, and BIM software, specifically Revit
and Dynamo platforms, to facilitate automated data processing and visualization.

BACKGROUND

Building Information Modelling (BIM) is a computer-aided design technology that facilitates decision-making
across the entire lifecycle of built assets, integrating time, cost, 3D modelling, and information management
(Doukari et al., 2023). It enhances collaboration among stakeholders (Park, 2008), supports clash detection,
and ensures efficient coordination during construction. The Industry Foundation Classes (IFC) standard
enables interoperability between BIM software, improving data sharing and sustainability analysis (Lin et al.,
2013; Ruemler et al., 2016). Additionally, BIM serves as a knowledge resource for data storage, allowing in-
depth thermal efficiency analysis (Ku & Taiebat, 2011; Miettinen & Paavola, 2014; Chan et al., 2019).

A detailed BIM model supports designers, constructors, and operators by providing accurate geometric and
material specifications. For existing structures lacking digital models, laser scanning and photogrammetry aid
in geometric data acquisition (Brilakis et al., 2019). Recent research emphasizes the integration of BIM with
Digital Twin frameworks to enable real-time monitoring, predictive analytics, and performance-based control
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of built environments. This integration significantly improves project efficiency and facility management
(Gubbi et al., 2013; Lu et al., 2020). loT sensors further enhance BIM's real-time capabilities, with plug-ins
like Dynamo facilitating automation and data exchange (Chang et al., 2018).

The combination of BIM and loT technologies holds considerable promise for smart building operations,
particularly in optimizing energy use, improving air quality, and enhancing indoor comfort conditions.
Systems such as COZyBIM leverage loT sensors for air quality monitoring within BIM models (Wu & Liu, 2020).
However, limitations in automation continue to hinder the fully seamless and scalable integration of real-
time loT data into BIM visualizations. Efforts like Firefly for Dynamo and Unreal Engine scripting have
demonstrated real-time connections, but these methods often require manual configurations and lack
comprehensive, automated data handling workflows (Wehbe & Shahrour, 2019; Natephra & Motamedi,
2019). This highlights the need for an accessible, automated framework that ensures continuous
synchronization and visualization of sensor data within BIM environments. Table 1 illustrates the variations

between previous research findings on BIM and loT technologies.

Table 1. Comparing the variations between previous research findings

Authors Sensors Tools Used AutomaFed A}utor.natfed Limitations
Integration Visualization
Arduino
/ Lack of
. Temperature, COZyBIM,
(Wu & Li, 2020) Humidity, CO, Seeed Studio, Yes No v?suut:l?;::izdn
Wio Node ]
Arduino
T ! Lack of
(Wehbe & emperature, CSV file, acko
Humidity, Yes No automated
Shahrour, 2019) . Dynamo, . o
Light . visualization.
Revit.
Lack of
Temperature Arduino, autzcm;ced
(Natephra & perature, Revit, L
. Humidity, Yes Yes visualization
Motamedi, 2019) . Dynamo,
Light . and data return
Unreal Engine. .
visit.
Temperature Arduino, Lack of stability
(Chang et al., 2018) P ! Firefly, Yes Yes in the
Humidity . .
Revit. connection.
Modelling and
Temperature Grasshopper, simulation
(zanchetta & HuF;nidit ’ Ladybug, No No without.
Cecchini, 2018) i htiny, Honeybee, automation, no
ghting Galapagos. empirical data
gathering.
BIM, Inttlagratlon
BLE causing delays
(Teizer et al., 2017) Brightness ! Yes Yes and errors in
Dynamo, .
. the automation
Revit.
process.
Revit Lack of
Del G tl al. ’
(Del Grosso etlal., SHM Sensors Excel, No No automation and
2017) . S
Naviswork. visualization.
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Automated Automated T
Authors Sensors Tools Used . . — Limitations
Integration Visualization

The automation

Arduino, od generating
(AL-Qattan et al., Ribbon Revit, matmatlcal
Dynamo, Yes No equation, but
2017) Sensors
Grasshopper, lack of
Rhino. automation
visualization.
Utilizing IFC to
integrate BIM
(Smarsly & SHM Sensors BIM, No No I:t(s)tzhr’rf Sbl-lu'\t/I
Tauscher, 2016) SHM sensors. y !
lacking
automation and
visualiztion.
Arduino, Transfering data
. between
Temperature Revit, platforms
(Kensek, 2014) " ! Dynamo, Yes Yes . .
Humditiy, CO2 automatically is
Grasshopper,
. error-prone
Rhino.

process.

METHOD

Prototyping and simulation will be the methodologies employed in this study. Prototyping is the process of
creating an early version of a product or system to test its functionality and design, whereas simulation is the
process of creating a computer model to predict how the system would perform in various circumstances
(Yin & Mckay, 2018). Building a model of an actual or anticipated system, such as a design concept, and then
running experiments with the model to ascertain how the system performs under various operating
conditions and assess alternative management strategies and decision-making processes are the processes
of prototyping and simulation (Abar et al., 2017). Prototyping and simulation together can expedite
development and raise the chance that systems or products will succeed. The research paper's prototyping
and simulation method, which started with problem-solving and went through final evaluation and findings,
can provide crucial insights into the potential performance of a system or product before devoting resources
to full-scale production. Early modifications are possible with this iterative approach, producing more
effective and efficient outcomes.

The Research Model

This research proposes a digital twin framework that supports real-time decision-making for interior spaces,
integrating loT and BIM. The proposed automation framework consists of five crucial steps (Figure 1). As-
built BIM model development, data acquisition, real-time data processing and analysis, automated data
integration, visualization, and reporting constructs not only provide the theoretical backbone of the study,
but also constitute the research model itself. The proposed model in question not only defines the steps of
the research but also presents the proposed digital twin logic at the conceptual level, with the data flow and
the interrelations between the model’s components. Hence, the research model defines its theoretical and
methodological models together. The validity and applicability of the proposed framework will be tested
through simulation and prototyping processes.
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Figure 1. Visualization and automation framework
1. As-Built BIM Model Development (Actual Building)

Building Information Modelling (BIM) integrates people, processes, technology, and regulations to create a
digital representation of buildings and infrastructure, enhancing stakeholder collaboration. The Level of
Development (LOD) framework (LOD 100-500) ensures models accurately reflect project stages, from
conceptual design to as-built documentation and facility management (Latiffi et al., 2015).

This study focuses on refining BIM models using Revit after data collection, ensuring precise 3D
representations. Real-time data, including humidity and temperature, is integrated into the model, with a
focus on windows for accurate simulation. Walls, floors, and lighting conditions are also carefully considered
to enhance visualization and thermal comfort analysis. The refined model is then effectively integrated into
a Dynamo script for detailed simulation and analysis (Figure 2).
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Rutber_Gealan Black

Figure 2. Family-parameterized BIM model

2. Data Acquisition (Ardunio)
The Arduino Mega 2560 R3 microcontroller board was utilized in this paper, and it was linked to (DHT-11)
monitoring the interior space's temperature and humidity, as shown in (Figure 3). DHT11 Temperature and
Humidity Sensor Specifications as follows (Shafiril et al., 2016):

¢ Supply Voltage: 3.5 to 5.5V

* Operating Range and Accuracy (Humidity): 20-80% RH; +/-5% RH

* Operating Range and Accuracy (Temperature): 0to 50 C; +/-2% C

* Average sending period: 2 seconds.

Figure 3. Arduino microcontroller connected to DHT11 sensor

3. Real-time Data Processing and Analysis (Excel Data Streaming)

Excel is widely used for data analysis and engineering calculations, with VBA enabling enhanced functionality
through add-ins (Chehab & Artail, 2004). The Data Streamer add-in allows real-time data visualization by
connecting Excel to external sources like Arduino (Aliane, 2010). This facilitates continuous monitoring of
environmental conditions, such as temperature and humidity, without manual input (Figure 4). In this study,
Data Streamer is used to automate real-time data collection and integration into the BIM model. A user-
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friendly interface improves readability and accessibility for stakeholders, ensuring accurate data
synchronization. The workflow establishes an automated link between Arduino, Excel, and Dynamo, enabling
instant updates to the BIM model’s visualization layer with high precision and minimal latency.

o + Q 2t

top  Capture | Reset Advanced
Screen
Data Recording Advanced
Current Data
! TIME CH1 CH2 CH3 CH4
10:20-10.28 JHT11 -
Historical Data

TIME CH1 CH2 CH3 CH4
18:49.38 oK AC )

Figure 4. Data streamer add-in in Excel spreadsheet
4. Automated Data Integration (Dynamo)

Revit workflow automation and customization are made possible by the open-source Dynamo add-in, which
facilitates visual programming. This allows the creation of custom scripts and automates various tasks within
the Revit environment (Shishina & Sergeev, 2019). Additionally, Dynamo uses Revit APIs to interact with the
Revit model and data, enabling the seamless and efficient manipulation of elements and parameters within
the software. This study utilizes the automated real-time data integration process via Dynamo. The dynamo
script is divided into several key phases, each handling specific data processing and visualization tasks to
achieve automated building performance monitoring and analysis as follows: Arduino data processing, PMV
analysis/ decision, BIM model visualization, data interpolation within the Revit family, and PMV data
visualization process.

5. Data Acquisition from Excel

The workflow starts by importing real-time sensor data from an Excel file, which serves as an intermediary
platform for storing and managing data collected from loT sensors, which are temperature and humidity
values from Arduino. The Excel sheet is automatically connected to the Dynamo script and nested within the
nodes, ensuring that once the script is opened, the Excel sheet is simultaneously launched, facilitating the
automatic collection and transfer of real-time temperature and humidity values into the script as shown in
Figure 5. An automated connection between the Excel file and the Dynamo script ensures seamless data
updates without manual intervention. The script reads real-time values using the ‘Read from File’ node,
ensuring continuous synchronization of temperature and humidity values. Data from specific Excel cells is
parsed and prepared for further analysis.

To address previous research limitations:

1. Enhanced clarity of data input structure by specifying the Excel sheet layout and linking mechanisms for
better reproducibility.

2. The workflow now ensures real-time updates without data loss or delay.
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Figure 5. Excel spreadsheet processing for Arduino data inside of Dynamo script
The PMV formula and analysis

The automatic integration of Excel spreadsheets with Dynamo streamlines PMV (Predicted Mean Vote)
calculations, simplifying data collection and analysis. The PMV model estimates thermal comfort by
considering key environmental factors, as described by Wei et al. (2024). A Python script was developed to
automate PMV calculations dynamically, combining real-time sensor data from Excel and Arduino. This
automated workflow, shown in Figure 6, ensures seamless data transfer and calculations without manual
intervention, enhancing efficiency and accuracy. Thermal comfort is continuously monitored and analysed,
with results automatically interpolated and visualized within the BIM model for decision-making. This real-
time integration enables immediate updates, fostering a more adaptive and responsive approach to indoor
environmental control. The PMV was computed using the formula of Wu & Liu (2020).

1 2.PMV analysis

1
1
|
| and decision !
1
1

I Temperture and humdity values
1

1 Temp and

: Humd Values

, calculated emp and

N =] Humd Values
\r‘ = calculated
\! | [e——

= T [ 4

Figure 6. PMV analysis Python script node
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Interpolation process:

After the automated execution of the PMV analysis using the Python script node, it is important to interpret
the results to facilitate real-time decision-making and optimize indoor environmental conditions. The
interpretation is systematically carried out by creating a Revit family with defined parameters for
temperature and humidity readings, ensuring a structured approach to data organization and retrieval. The
PMV analysis data is dynamically linked and structured within the Revit environment, allowing for seamless
visualization and analysis. Subsequently, the data is automatically integrated into the visualization layer
within the BIM model, providing instant feedback and improved usability for facility management. This
process, as shown in Figure 7, enhances the accuracy and efficiency of monitoring thermal comfort conditions
in the building by offering a clear and comprehensive representation of indoor environmental performance.

Figure 7. Creating a Revit family containing temperature and humidity parameters

After inserting the plane into the Revit model, dividing it with the Dynamo script, making test grids to position
the family and its parameters within the grids, to interpolate the PMV-analyzed data into it to prepare it for
visualization.

6. Visualization and Reporting (Virtual World):
As shown in Figure 8, the visualization plane has been divided into grids, and the family parameters are

loaded into the grids. Then, to precisely measure the thermal comfort of the area, it was elevated 90 cm
above the floor so that the PMV analysis and visualization could be seen at desk level.

Figure 8. Visualization layer dividing process for the data interpolation process

Subsequently, the interpolation Python node was employed to merge the adaptive components family with
real-time temperature and humidity, as well as all PMV computed values. This initiated the automation
interpolation procedure to store its values in the Revit model for visualization. After the creation of layer
components in BIM at the predetermined elevation, collect employing sensor data to determine each grid's
context view index (PMV) within the layer interpolation, then assign the corresponding colour for each grid
based on the predefined scheme of colors. This step's outcome produces an image resembling thermography
and enables the distribution of the intended context view index value for the space in BIM to be seen visually
by the user.
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Simulated Study Area

The proposed automation framework for integrating loT and BIM in real-time for decision-making processes
simulates a simple 35 m? room, including furniture, two windows, and an interior door, as a real-world
problem. The rationale behind selecting and simulating a single room is to easily handle a small-scale space
for the complex framework proposal problem. The primary objective of the study is not to simulate an actual
room, but to propose and test the automation framework, which is the study's hypothesis.

Testing the Framework

Most important measures for estimating the validity of applicability and scalability of the proposed
framework are the real data usage rather than synthetic generated samples, automation and data integration
speed, interpretability of the results, and the ease of reproducibility of the prototype.

To validate its effectiveness, the workflow was tested in a residential setting, incorporating a Revit model,
Arduino microcontroller, Dynamo script, Excel spreadsheet, and environmental sensors. The integration
successfully recreated a prototype digital twin, automating data flow and synchronization. This advancement
eliminates manual data entry, improving consistency and response time compared to previous approaches,
ultimately allowing users to optimize room arrangements for better comfort and energy efficiency. Figure 9
shows the PMV visualization process.

Figure 9. Dynamo script for the Visualization layer process

To assess indoor comfort levels, daily temperature and humidity data were collected over a week starting
December 30, 2023, at different times of the day.

Two scenarios—windows closed and open—were analysed to evaluate their effect on temperature and
airflow. This interactive approach allows users to dynamically analyse scenarios and make informed decisions
to optimize thermal comfort.

Unlike manual methods, the automated workflow delivers real-time insights, enabling proactive adjustments
with minimal effort. Figure 10 showcases two-day snapshots of thermal comfort visualization, highlighting
PMV variations between the closed and open window scenarios. A notable difference in temperature and
humidity was observed between night and morning, reflecting seasonal fluctuations in Egypt's winter. There
was a temperature decline overnight, followed by a gradual increase in the morning, emphasizing the need
for continuous monitoring to capture real-time environmental changes. Additionally, the findings
demonstrate the system’s capability to assess occupant thermal comfort under varying conditions, offering
a foundation for optimizing passive design strategies to enhance energy efficiency and occupant well-being.

438



RESEARCH ARTICLE
Vol. 8, No. 2, 2025, 427-447
DOI: 10.59389/modular.1589036

State: Open Window
Time: 7:01:05 PM Time: 7:10:10 PM
Average Temperature:15.6 Average Temperature:16.0
Average Humidity:44.3 Average Humidity: 49.9
PMV: -0.60 PMV: -0.53

3 3
Time: 7:30:22 PM Time: 7:40:30 PM

State: Closed Window
Average Temperature: 18.7 Average Temperature:19
Average Humidity: 45.4 Average Humidity:46.1

PMV:-0.32 i PMV: -0.28

-3 3

Time:7:20:40 PM

Average Temperature:17.6
Average Humidity:47.1
PMV: -0.38

3 3

Time: 7:51:43 PM
Average Temperature:19.4
Average Humidity:47.0
PMV: -0.20

State: Open Window

Time: 3:55:30 AM Time: 4:08:10 AM
Average Temperature:10.7 Average Temperature:10.0
Average Humidity:40.8 Average Humidity: 45.8
PMV:-1.09 PMV: -1.12

State: Closed Window

Time: 4:26:44 AM Time: 4:35:22 AM
Average Temperature:11.7
Average Humidity:40.8
PMV:-0.99

Average Temperature: 10.5
Average Humidity: 41.5

e i

Edt
Y
w

Time:4:17:40 AM
Average Temperature: 9.8
Average Humidity:51.4
PMV: -1.11

Time: 4:46:35 AM
Average Temperature:13.3
Average Humidity:40.1
PMV: -0.84

Figure 10. PMV visualization results for the open window and closed window scenarios

Even though it is nighttime and close to each other, there is a discernible difference in the humidity and
temperature measurements between day one and day three, as shown in Figure 11. Location's atmosphere
fluctuates greatly from day to day, particularly as winter approaches in this region; the prevalence of
variations in climate is a typical and anticipated occurrence due to the location. It is crucial to monitor these
changes closely to maintain a comfortable and healthy indoor environment.

Understanding the patterns of humidity fluctuations can help in determining the most effective strategies

for regulating indoor conditions.
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Figure 11. PMV visualization results for the open window and closed window scenarios

RESULTS

This section presents a real-world case study demonstrating the practical application of the proposed loT-
BIM integration workflow for digital twin visualization in indoor environmental monitoring. The workflow
integrates an Arduino microcontroller, temperature and humidity sensors, Revit APl, Dynamo, and Excel to
automate real-time data acquisition and visualization. Unlike previous studies, the proposed method
enhances automation, reduces manual interventions, and improves interoperability between loT data
sources and BIM models.

The developed platform enables real-time assessment of thermal comfort levels, helping stakeholders
identify areas needing adjustments for optimal conditions. As shown in Figure 13, this visual representation
enhances accuracy and supports data-driven decision-making regarding building layout and operations

By integrating BIM modelling, the study improved predictions of indoor air quality and thermal comfort,
allowing for proactive rather than reactive adjustments. This approach reduced operational costs and
enhanced building sustainability (Miettinen & Paavola, 2014). Additionally, loT-enabled BIM simulations
provided automated alerts for potential comfort issues, contributing to a more responsive and efficient
building management system (Ku & Taiebat, 2011).

The digital twin prototype facilitated real-time thermal comfort visualization within the BIM environment,
offering actionable insights for spatial planning. Initially, sensor data revealed thermal inconsistencies, such
as heat accumulation near seating areas and poor airflow in workspaces. These insights guided iterative
furniture rearrangement to optimize occupant comfort, ensuring a more uniform thermal distribution
through real-time PMV (Predicted Mean Vote) values, as shown in Figure 12.

Key strategic decisions based on window placement and airflow analysis included:
1. Relocating workstations to areas with improved airflow for better ventilation efficiency.
2. Adjusting furniture placement to prevent direct exposure to temperature fluctuations from windows.

3. This process demonstrated the practical application of digital twin technology for optimizing indoor
environments through data-driven design modifications.
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Figure 12. Improve spatial planning according to thermal zones

Each adjustment was validated by re-running the simulation and observing the updated visualization layer
within the BIM model. The results demonstrated a measurable improvement in overall thermal comfort,
leading to a more uniform distribution of comfort across the space.

By continuously leveraging the visualization data, the system allowed for an evidence-based approach to
furniture placement, ensuring that spatial planning decisions were no longer based on intuition but rather
on real-time environmental insights.

To assess the impact on user satisfaction, a structured self-evaluation was conducted based on various
parameters, including comfort levels, ease of use, and monitoring efficiency. The results indicated a reduction
in manual interventions and a notable improvement in thermal comfort stability. The system’s automation
capabilities provided a seamless user experience, ensuring consistent environmental conditions with minimal
user input.

Despite being based on a single-user evaluation, the findings suggest significant improvements in user
satisfaction and operational efficiency. Future research will aim to validate these findings through broader
user studies and different building environments to provide more comprehensive insights into the system’s
effectiveness.

Table 2 highlights the most developed aspects of this research compared to previous studies, addressing their
limitations and emphasizing the novel contributions introduced in this study (Wu & Liu, 2020; Wehbe &
Shahrour, 2019; Natephra & Motamedi, 2019).

Table 2. Key Contributions: Differentiation from Previous Research

Aspect Previous Research Limitations Proposed Study Improvements
Data Automated real-time data updates
Integration  Manual CSV-based data transfer leads to delays and using the Excel Data Streamer add-in,
Approach potential data loss. This approach required periodic ensuring continuous data flow from

manual uploads and lacked real-time
synchronization (Wehbe & Shahrour, 2019.

Arduino sensors to the BIM model
without the need for manual
intervention.

Visualization
Capability

Static 2D and 3D visualizations required
manual updates, leading to outdated
representations and time-consuming

processes for facility managers. (Wu & Liu,
2020).

Real-time visualization via automated
Dynamo scripting, dynamically
updating the BIM model to reflect
current environmental conditions
with minimal latency.
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Aspect Previous Research Limitations Proposed Study Improvements
L A . . A scalable and adaptable framework
Scalability Limited scalability in previous studies, as tested within a 35 m? indoor space
data processing and visualization were ) . . ’
. with potential for expansion to larger
constrained by manual processes and . .
N building environments through
hardware limitations. (Natephra & ontimized data processin
Motamedi, 2019). P @p §
techniques.
Automation
Level Partial automation, where manual Fully automated workflow from
interventions were required to trigger data sensor to visualization without
imports and visualization updates, resulting manual input, reducing human error
in inefficiencies. (Wu & Liu, 2020). and ensuring continuous monitoring.
- . . . Seamless integration of IoT sensor
. Limited and fragmented integration with . 'g .
Revit and . . data into Revit models via Dynamo
third-party platforms (PanStamp), requires - . .
Dynamo . . scripting, enhancing interoperability
. additional steps for data processing and . . . .
Integration . . and allowing direct manipulation
interpretation. (Wehbe & Shahrour, 2019). L .
within the BIM environment.
Decision- Provides comprehensive real-time
Making Lack of actionable insights and real-time analytics and insights to optimize
Support analytics makes it difficult for facility building operations, improve energy

managers to make informed decisions
quickly (Chan et al., 2019).

efficiency, and enhance occupant
comfort with actionable data
visualization.

CONCLUSION AND DISCUSSION

This research successfully integrates Building Information Modelling (BIM) with the Internet of Things (loT)
to create a digital twin prototype, enabling automated real-time monitoring and control of indoor thermal
comfort. By incorporating Arduino sensors, Excel Data Streamer, Revit, Dynamo, and Python, the proposed
system automates data collection, processing, and visualization within a BIM environment, significantly
reducing manual interventions and improving efficiency, as illustrated in Figure 13.
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Figure 13. BIM and Dynamo automation and visualization platform
Key Contributions and Implications

The study demonstrates that real-time monitoring and BIM integration offer tangible benefits in enhancing
indoor environmental quality, optimizing thermal comfort, and improving energy efficiency. The system
provides actionable insights into building performance and maintenance, allowing stakeholders to make
data-driven decisions to improve occupant comfort and operational efficiency. Additionally, the digital twin
prototype supports predictive maintenance, enabling proactive adjustments based on environmental data
trends rather than reactive responses.

The findings highlight the effectiveness of the automated workflow in overcoming traditional challenges
associated with data synchronization and real-time visualization. Unlike prior manual or semi-automated
efforts, the proposed system establishes a continuous data exchange loop between loT sensors and BIM
platforms. Compared to previous manual methods, the system enhances interoperability between loT data
sources and BIM models, ensuring seamless data flow and improved decision-making. Moreover, by
integrating PMV (Predicted Mean Vote) calculations, the study presents a robust approach to assessing
thermal comfort levels dynamically, which aids architects and facility managers in optimizing spatial planning,
HVAC control, and adaptive building responses.

Limitations and Future Directions

While the proposed workflow significantly improves automation, several limitations remain that affect its
broader scalability and industry-specific adaptation. The system's current implementation focuses on a single
residential setting, and expanding it to large-scale commercial or industrial applications requires further
refinements, including advanced machine learning algorithms to predict indoor environmental patterns more
accurately. The current framework also depends on local data processing; shifting toward real-time, cloud-
based data integration could improve remote access, scalability, and multi-user functionality.

Future research should explore the potential of generative design in refining building configurations based
on thermal comfort data. By leveraging tools such as Autodesk Refinery, Revit, and Dynamo, designers can
explore multiple design alternatives and optimize spatial layouts through iterative computational analysis.
(Embedding generative design within the BIM-loT framework could enable dynamic adaptation of
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architectural solutions in response to real-time comfort feedback, improving energy efficiency and space
usability.

This study provides a comprehensive framework for integrating BIM and loT to create a real-time, data-driven
digital twin for indoor environmental monitoring. The findings demonstrate that automation and real-time
data processing enhance the efficiency and responsiveness of building management systems. The proposed
system reduces reliance on manual data input, increases accuracy, and enables continuous environmental
tracking and control—all essential for smart building deployment. By eliminating manual interventions,
improving data accuracy, and supporting proactive environmental control, the proposed workflow
contributes to the broader adoption of smart building technologies.

As the construction industry shifts toward data-driven decision-making, this research highlights the
transformative potential of BIM-loT integration in improving occupant well-being, energy efficiency, and
operational sustainability. With continued advancements in machine learning, generative design, and cloud
computing, the digital twin paradigm is expected to evolve into an adaptive, intelligent infrastructure tool
with wide-reaching implications for architectural practice and facility management.
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