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Abstract: This paper presents the development of a prescriptive digital twin model designed to
optimize building environments by leveraging advanced smart technologies such as machine
learning, artificial intelligence, cloud computing, and the Internet of Things. The study identifies
critical factors affecting user activities, including lighting, HVAC, indoor air quality, and acoustics,
and incorporates these into the model to enhance user productivity and comfort in workspaces. Our
findings demonstrate that the integration of smart technologies can significantly improve
workspace efficiency and user satisfaction, providing actionable insights for future
implementations. This study not only highlights the potential benefits of prescriptive digital twins
in smart buildings but also emphasizes the importance of comprehensive data gathering and
analysis from various sources to support further research. Ultimately, our work offers valuable
contributions to the field of building management and underscores the need for continued
exploration of digital twin technologies.

Keywords: prescriptive digital twin; optimization; building environment; smart technologies;
workspace efficiency

1. Introduction

Smart technologies such as Machine Learning, Artificial Intelligence, Cloud Computing, and the
Internet of Things have greatly influenced human activities in recent years, making them more
efficient, accurate, and quantifiable [1-5].

Comprehensive research has investigated the growth of intelligent technologies in several
domains, especially in smart buildings, where their extensive use has transformed construction and
development procedures [6,7].

The importance of these technologies is highlighted when taking into account the considerable
time people spend indoors. Prior to the COVID-19 epidemic, people spent almost 70% of their daily
time indoors. The proportion increased significantly because of the rise in remote work habits during
the pandemic [8,9]. It is crucial to examine the sometimes ignored effects of the physical environment
in confined areas, particularly considering research showing that inadequate environmental
conditions might have negative health consequences [8,10].

Studies have shown that inadequate physical surroundings can lead to health problems like
breathing issues, headaches, vision impairments, and low air quality. This can have serious effects
on lung function, including death, if exposed to high levels of CO2 for extended periods without
proper ventilation [8,10].

This project seeks to perform an extensive literature review on the Prescriptive Digital Twin
(PDT) Model to optimize the physical environment of building spaces. The emphasis is on utilizing
advanced technologies such as machine learning, artificial intelligence, cloud computing, the Internet

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202406.1927.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2024 d0i:10.20944/preprints202406.1927.v1

of Things, and other relevant technologies. The goal is to introduce real-world applications or case
studies that showcase the impact of these technologies on building management. [11-13].

We want to provide a more in-depth understanding of the creation and utilization of the
Prescriptive Digital Twin Model in optimizing the performance of a building’s physical environment
through this literature study. The results of our review are intended to be a beneficial resource for
scholars, practitioners, and stakeholders in the construction and building management sector.

The research questions derived from the background and objectives of this article include:

In what ways can the Prescriptive Digital Twin (PDT) Model be applied to improve

RQ1
Q occupant comfort and productivity in building spaces?

What are the primary challenges encountered in the development and implementation
RQ2  of PDT within the context of buildings, and how can we overcome these barriers to create

more efficient, sustainable, and smart buildings in the future?
2. Digital Twin and Prescriptive Digital Twin

2.1. Building Information Modelling (BIM)

Building Information Modelling (BIM) is a fundamental idea in creating digital representations
of constructed spaces. Itis a detailed and cooperative procedure that includes creating and overseeing
digital models of a building or infrastructure’s physical and functional aspects from start to finish.
BIM combines many aspects of data, such as geometry, spatial connections, geographic details, and
numbers, to offer a comprehensive perspective of a building project [14,15].

The key components of Building Information Modelling include:

1. BIM integrates 3D models to enable stakeholders to view the physical shape and structure of a
building in geometry. This graphic depiction enhances communication and comprehension
among architects, engineers, and other project partners.

2. BIM records spatial connections among building elements, facilitating the examination of their
interactions. This feature is essential for maximizing spatial arrangements and guaranteeing the
optimum utilization of resources.

3. BIM frequently contains geographic information, providing details on the location-related
components of a construction project. This is especially beneficial for projects with intricate
environmental factors or those located in unique geographical settings.

4. BIM offers comprehensive data on quantities, encompassing materials and resources necessary
for building. This facilitates precise cost estimate and resource allocation.

Exploring the complexities of Building Information Modelling allows project stakeholders to
collectively strive for increased project efficiency, minimized mistakes, and enhanced decision-
making across the building life cycle.

2.2. Definition of Digital Twin

The development of advanced technologies such as Machine Learning, Artificial Intelligence,
Cloud Computing, and the Internet of Things (IoT) has revolutionized human operations by
enhancing efficiency, precision, and quantifiability [1,2].

Several research studies have explored the impact of these technologies in various fields,
particularly in the development and progress of smart buildings. Building Information Modelling
(BIM) is a key technology in the Architecture, Engineering, Construction, and Facility Management
(AEC-FM) industry. Originally used for creating 3D building models, BIM is now crucial for
improving communication and collaboration [16,17].

BIM provides a static representation but does not have the capability to include real-time data
from the building environment. This limitation paves the way for the emergence of a more dynamic
concept called the Digital Twin. Digital Twin enables the integration of real-time data from IoT and
other technologies, resulting in substantial improvements in decision-making and administration
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inside building settings. Buildings continuously updated with real-world data are referred to be
“Digital Twin,” as seen in Figure 1 [18].
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Figure 1. The development of the digital twin in a building setting.

Figure 1 demonstrates how Digital Twin is involved in every stage of a building’s life cycle,
including design, construction, operation, and maintenance. Professionals in the AEC-FM business
should strategically consider elements like as occupant comfort and energy efficiency throughout the
planning phase. Digital Twin aids in monitoring construction progress, ensuring compliance with
design specifications, and effectively managing buildings, particularly in terms of energy efficiency
and reduced operational costs. Furthermore, AEC-FM personnel have the capability to utilize Digital
Twin for assessing the system’s state throughout the maintenance phase.

Various meanings of “Digital Twin” align on a common direction and meaning. Table 1
summarizes terminology from earlier studies about the development and applications of the Digital
Twin concept

Table 1. Definition of Digital Twin.

References Definition of Digital Twin
The behavior of a “digital twin” —an integrated multi-physics, multi-scale,
probabilistic simulation of a vehicle or system —is imitated by using the best
physical models currently available, sensor updates, fleet history, etc.
A computerized representation of a real-world system that may be used to
mimic, forecast, and improve the behavior of the real-world system.
A digital depiction of a real-world product or system that spans its whole life
cycle, employing real-time data to facilitate comprehension, learning,
reasoning, and dynamic performance calibration.
A digital twin is a representation of a physical system or thing that uses real-
time data to enable comprehension, learning, and reasoning throughout the
object’s life cycle.
A digital twin is a dynamic digital replica of a real-world thing or system that
mimics its characteristics throughout its existence.
A digital twin is a virtual representation of a procedure, a good, or a service
that may simulate how it might act in various situations.
To imitate the relevant behavior and properties of actual objects in real time,
virtual models are employed in virtual space.
Digital representation of actual items or processes that is updated in close to
real time to help businesses perform better. A smart factory built on a digital
twin combines the ideas of IoT (Internet of Things) and IoS (Internet of
Service).
A thorough digital depiction of each thing. Through models and data, it
incorporates the characteristics, circumstances, and behaviors of actual objects.
A digital twin is an accurate, live-streamed replica of a physical manufacturing
system that accurately captures all of its features.
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A digital twin is a synchronized and interconnected digital representation of a
physical asset that captures both the elements and the dynamics of how
systems and devices function in their surroundings and evolve over time.

A digital model of a physical system that may be used to simulate, forecast,
and optimize the behavior of the physical system and its operations. This
representation is updated continually with data from the physical system and
its surroundings.

Integration of Building Information Modelling (BIM) and Digital Twin technologies are major
advancements in the Architecture, Engineering, Construction, and Facility Management (AEC-FM)
sector. BIM generates 3D models, whereas Digital Twin improves upon this by including real-time
data from the building surroundings.

Figure 1 illustrates the several benefits of Digital Twin’s various developmental phases in a
building’s life cycle, from aiding in planning during the design stage to facilitating monitoring and
management throughout operation and maintenance. The many explanations of Digital Twin, as
presented in Table 1, emphasize its dynamic attributes and importance across various industries.

The next sections will delve into the complexities of Digital Twin, focusing on its broader
applications, namely the Prescriptive Digital Twin model. This extensive examination tries to give
substantial insights into how these technologies could affect and enrich the physical environment of
architectural spaces.

2.3. Differentiating Descriptive, Predictive, and Prescriptive Digital Twin

This part provides a comprehensive explanation of the distinctions between the Descriptive,
Predictive, and Prescriptive models within the context of Digital Twin technology. Additionally, it
explores the Digital Twin Maturity Level for Building based on BIM, consisting of levels such as
Descriptive, Informative, Predictive, Prescriptive, and Autonomous, as illustrated in Figure 2 [30-32].

Digital Twin
. ‘Predictive maintenance
Matu r|ty Leve I fo r and advanced analytics Tntegration with building
ArH Simulation capabilities control systems
Building o - ; ,
. . ‘based on predictions (Sensors and Systems)
Basic integration with Value Engineering S .
building systems Services, Simulations vs Real Time Al Assistive Maintenance
O iy ) ([ Do detnanlyics Advanced Amlyics ALDecison Asss Py ——

Real Time Data Viz ‘Predictive Maintenance

System Integration

Virtual Model
BIM Modelling Data Insights

Reality Capture
Informative

‘At this level, the Digital )

ictive
algorithms.

Figure 2. Digital Twin Maturity Level for Building.

1. Descriptive Level:

At this level, the Digital Twin captures real-time data from various sensors embedded
throughout the building and models it to provide a detailed representation of the physical system.

e  Basic Feature: Real-time data collection and modeling of the physical system.

e  Unique Feature: Thorough representation of the building’s structure, functions, and physical
conditions.

e  Additional Feature: Visualization of the building’s layout, systems integration, and real-time
data display.

Example: Capturing data from temperature sensors, modeling the HVAC system, and
displaying real-time temperature variations throughout the building.
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2.  Informative Level:

The Digital Twin at this level transforms raw data into structured and meaningful information,
presenting it in a comprehensible format to facilitate informed decision-making.

e Basic Feature: Generation of structured information from collected data.

e  Unique Feature: Presentation of data in an easily understandable format for informed decision-
making.

e Additional Feature: Data analytics capabilities, interactive reports, and insights derived from
data.

Example: Analyzing energy consumption data to generate interactive reports on monthly usage
trends and identifying areas for potential energy savings.

3. DPredictive Level:

Leveraging historical data, the Digital Twin at this level predicts future behaviors of the building
system by identifying trends and patterns, enabling forecasts about its future performance.

e  Basic Feature: Utilization of historical data for forecasting future behaviors.

e  Unique Feature: Identification of trends and patterns to make forecasts about future system
behavior.

e  Additional Feature: Simulation capabilities, predictive maintenance, and advanced analytics for
value engineering,.

Example: Analyzing historical energy consumption patterns to predict future energy demands
and identify potential maintenance requirements for HVAC systems.

4.  Prescriptive Level:

Building upon the predictive level, the Digital Twin at this stage not only forecasts future
behaviors but also provides recommendations or specific actions to achieve desired objectives, based
on historical data and predictions.

e  Basic Feature: Prediction of future behaviors.

e Unique Feature: Provision of recommendations or specific actions to achieve desired goals.

e Additional Feature: Action recommendations based on historical data and predictions,
integration with building control systems for implementation.

Example: Recommending adjustments to HVAC system settings based on predicted
temperature variations to optimize energy efficiency and occupant comfort.

5.  Autonomous Level:

The Digital Twin at this level operates independently with minimal human intervention,
autonomously monitoring, analyzing, and making decisions based on collected data and analysis.

e  Basic Feature: Independent operation with minimal human intervention.

e  Unique Feature: Automatic monitoring, analysis, and decision-making based on collected data.

e  Additional Feature: Use of autonomous technology (e.g., drones) for remote inspection, remote
operations, and Al-assisted maintenance.

Example: Utilizing drones equipped with sensors to autonomously inspect building facades for
damage and initiate maintenance actions based on the inspection findings.

Furthermore, an interesting case study in the manufacturing industry highlights the utilization
of Digital Twin to optimize production systems. For instance, an auto factory can utilize a digital twin
to create a descriptive model of its production system, comprehensively including machines, material
flows, and production processes. By understanding the production system in detail, companies can
identify areas for optimization to enhance production efficiency and quality.

Moreover, companies can employ predictive models to foresee the behavior of production
systems in the future. For example, companies can predict machine maintenance times or the
possibility of downtime in production systems. By anticipating these possibilities, companies can
take necessary precautions to mitigate risks and increase production efficiency.

Lastly, prescriptive models enable companies to provide recommendations for actions aimed at
optimizing production system performance. For instance, companies can use prescriptive models to
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suggest corrective or reconfiguration actions necessary to address critical situations or enhance
overall production efficiency.

Figure 3 illustrates the four analytical steps in the data analysis framework, each with distinct
focuses and applications. It details the differences between these steps, including descriptive
analytics, diagnostic analytics, predictive analytics, and prescriptive analytics [33]:

1. Descriptive analytics: This stage compares the actual procedure to the planned one in an effort
to determine “what happened” throughout the training process. For instance, a trainer desiring
to enhance an athlete’s endurance performance can visualize the outcomes of a physical test to
track advancement toward a training objective.

2. Diagnostic analytics: By studying the relationships between the training process data, this stage
attempts to address the “why did it happen” question. A practitioner can plan exercise intensity
by, for instance, knowing the connection between the distribution of exercise intensity and an
improvement in endurance performance.

3. Predictive (predictive analytics): This stage uses previous data to forecast future outcomes in an
effort to provide an answer to the query “what will happen” throughout the training process.
For instance, predicting the possibility of injury to athletes using past data and taking the
necessary safeguards.

4. Prescriptive analytics: This step tries to answer the question “what should be done” in the
training process by providing recommendations for actions that can be taken to achieve the
training objectives. For example, providing recommendations on the types of exercises to do to
achieve training goals.

How do we make it

Value -
Prescriptive } Decision Focused

Analytics

Predictive
Analytics

Information and

Why did it happen? Insight Focused

Descriptive

Analytics What happened?

Difficulty/
Complexity

Figure 3. The four analytical steps in the data analysis.

Moreover, Figure 4 showcases instances of the DT conceptual framework representing different
DT applications for design cases. It distinguishes between descriptive, predictive, and prescriptive
models, elucidating their respective roles and applications within the Digital Twin paradigm. [34]:

1. Descriptive Model: Descriptive model facilitated by BIM are used to describe the existing
system, encompassing the structure, behavior, and condition of the system. This model, with the
incorporation of BIM, provides an overview of how the system works and how the system
components interact with each other. Descriptive models can be used to understand existing
systems and identify problems or areas that can be optimized.

2. Predictive Models: Predictive models are used to predict the future behavior of the system. This
model is based on historical data and can be used to predict how the system will behave in
various situations. Predictive models can be used to assist decision making and analysis of trade-
offs.

3. Prescriptive Model: Prescriptive models are used to provide recommendations or actions to be
taken to achieve certain goals. This model is based on historical data and predictions of the future
and can be used to optimize system performance. Prescriptive models can be used to provide
recommendations for actions to be taken to address critical situations or to optimize overall
system performance.
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Overall, this section offers a comprehensive understanding of the various models within Digital
Twin technology and their applications in different contexts, providing valuable insights into
optimizing system performance and decision-making processes.
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Figure 4. Instances of the DT conceptual framework representing different DT applications for design
case.

2.4. Benefits and Potential of Prescriptive Digital Twin in the Building Context

Prescriptive Digital Twin research in the building sector is still minimal. This can be observed in
the existing research mapping presented in Figure 5. Notably, there is a lack of research specifically
focused on the construction sector, particularly buildings. Therefore, this paper aims to delve deeper
into the relevant literature to address this gap.
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Figure 5. Advantages Prescriptive Digital Twin in the realm of building environments.

Prescriptive Digital Twin offer numerous advantages, as depicted in Figure 5, and hold

significant potential in the realm of building environments. Understanding these benefits is crucial
for appreciating their role in enhancing building performance and efficiency. Here are the key
benefits and potential of Prescriptive Digital Twin in the building context [35-37]:

1.

10.

Optimized Energy Consumption: Prescriptive Digital Twin enable real-time monitoring and
analysis of energy usage within buildings. By providing actionable insights, they help optimize
energy consumption, reduce costs, and enhance sustainability.

Predictive Maintenance: These twins accurately predict maintenance needs by analyzing real-
time data from sensors. This proactive approach prevents equipment failures, minimizes
downtime, and prolongs the lifespan of building systems.

Improved Indoor Air Quality: Prescriptive Digital Twin monitor environmental factors such as
temperature, humidity, and air quality in real-time. They can adjust HVAC systems and
ventilation to maintain optimal indoor air quality, ensuring the health and comfort of occupants.
Enhanced Security and Risk Management: Prescriptive Digital Twin aid in identifying potential
security threats and vulnerabilities within buildings. By analyzing data from surveillance
cameras and access control systems, they enhance security measures and assist in risk
mitigation.

Cost Reduction: Through energy optimization, predictive maintenance, and efficient resource
allocation, Prescriptive Digital Twin contribute to significant cost savings for building owners
and operators.

Data-Driven Decision Making: They provide decision-makers with actionable insights based on
real-time data analysis. This data-driven decision-making approach ensures that choices are
optimized for building performance and efficiency.

Environmental Sustainability: By optimizing energy usage and reducing resource wastage,
Prescriptive Digital Twin play a crucial role in promoting environmental sustainability, aligning
with global green building initiatives.

Enhanced Occupant Comfort: Maintaining optimal indoor conditions, such as temperature and
lighting, leads to improved comfort for building occupants, positively impacting their
productivity and well-being.

Scalability: Prescriptive Digital Twin are adaptable to various building types and sizes, making
them suitable for residential, commercial, and industrial structures.

Future Potential: As technology advances, Prescriptive Digital Twin have the potential to
become even more sophisticated. They may incorporate advanced Al algorithms, machine
learning, and real-time feedback loops to continually optimize building performance.

rints202406.1927.v1
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The benefits and potential of Prescriptive Digital Twin in the building context are far-reaching.
They offer solutions to longstanding challenges in building management and provide a path toward
more efficient, sustainable, and comfortable environments for occupants while delivering cost
savings and contributing to environmental goals.

3. Methodology

In the research paper titled “Literature Review as a Research Methodology: An Overview and
Guidelines” by Hannah Snyder, three types of literature reviews are commonly used in research:
Narrative Review, Systematic Review, and Meta-Analysis [38].

1. Narrative Review

A Narrative Review is the most common type of literature review. The author conducts research
and analysis of relevant literature on the research topic, then organizes the information found in a
narrative or descriptive form. The author synthesizes the information found and evaluates the quality
of the research within the literature.

2. Systematic Review

A Systematic Review is a more meticulous and systematic type of literature review compared to
a Narrative Review. The author searches and selects relevant literature on the research topic using
predetermined criteria. At this stage, the author assesses the quality and validity of the research
within the chosen literature. Then, the author analyzes the data found in the literature and compiles
a research report in a systematic synthesis or descriptive form.

3. Meta-Analysis

A Meta-Analysis is the most systematic and robust type of literature review. The author searches
and selects relevant literature on the research topic, then conducts a statistical analysis of the data
from the literature. At this stage, the author synthesizes the findings within the literature and
performs a statistical analysis of the data found. The primary goal of a Meta-Analysis is to produce
stronger conclusions about the relationship between the variables studied.

In this research, a Systematic Review is employed because the purpose is to develop a
framework for creating a prescriptive digital twin model of physical environments in building spaces.
Therefore, the focus is on developing a comprehensive framework or model. Although Meta-
Analysis can provide stronger conclusions about a topic, it usually requires a larger and more
homogeneous number of studies in terms of research design, sample size, and data analysis methods.
In contrast, a systematic review can be conducted with fewer studies and more diverse data. This is
because a systematic review focuses more on evaluating the quality and relevance of literature, thus
maintaining the diversity of existing literature [39].

The main steps undertaken in conducting this research, as illustrated in Figure 6, begin with
searching multiple database sources such as Scopus, Web of Science, and Google Scholar. In Scopus,
data on reputable Q1 publication sources are sought, including databases such as ScienceDirect,
Taylor and Francis, IEEE, Scopus, Elsevier, and Google Scholar [40]. Next, a search for reference

"o o

articles is conducted using keywords “digital twin,” “prescriptive analytics,” “indoor environmental
quality,” and “office building” to obtain articles relevant to the research topic.
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Figure 6. Research Methodology.

From the search using these keywords, 1,932 scientific articles were found, and several selection
criteria were applied to choose the articles to be included in this research analysis [41-43]. These
criteria encompass the suitability of the articles in terms of topic and relevance, the quality of the
research methodology employed, and the quality of the presentation and data analysis. As a result,
about 74 articles relevant to this research topic were selected [40,44].

Subsequently, after carefully reading and analyzing the chosen articles, essential information
from each article was compiled into a table to facilitate further analysis involving aspects such as a
summary of the current research state, trends and gaps in the literature presented, and an assessment
of the research quality and relevance of the related article topics, including the publication reputation
of the related articles. Based on these criteria, around 66 articles were selected as the final references
for this research.

By employing a systematic and selective methodology in selecting reference research, this
research can make a significant contribution to the development of Digital Twin technology using
Prescriptive Analytics to optimize the quality of the physical environment within a building space.

4. Concepts and Components of Prescriptive Digital Twin for Buildings

Prescriptive Digital Twin for buildings encompasses a comprehensive framework comprising
fundamental concepts and components. These elements collectively enable the system to deliver real-
time insights and recommendations aimed at optimizing building performance. Prior to delving into
the discussion of each component, a systematic review process was meticulously conducted, as
outlined in the methodology section.

Moreover, before exploring the intricacies of each component, it is imperative to establish the
significance of the Building Representation Model. Serving as the foundational digital framework,
this model mirrors the physical building within a virtual environment. It provides a detailed and
comprehensive digital twin of the actual building, incorporating key components essential for its
functionality and operation. The breakdown of these components is elucidated in Table 2:

Table 2. The Components of Building Representation Model.

Concept Components Description
Building Representation This component involves mapping
Model: . . Geospatial Data Fhe ph.ysme.il layouF of th.e bu11<.img,
The building representation including its location, dimensions,
model is the foundational digital and geographical context.
¢ h . h - - .
ramework that mirrors the BIM (Building BIM is a comprehensive virtual

physical building in a virtual
environment. It serves as a

model of a building in a form of

Information Modeling) object oriented-database,
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comprehensive and detailed
digital twin of the actual
building [16,45].

encompassing detailed geometry
and non-geometry information.

Sensor Integration

Real-time data from various
sensors embedded throughout the
building is integrated into the
model. This includes data from
environmental sensors, occupancy
sensors, and more [2,46].

Sensors and Data Monitoring:

Sensors are essential
components that continuously
collect real-time data regarding
various aspects of the building’s
environment and operations

[47].

Environmental Sensors

These sensors monitor conditions
like temperature, humidity, air
quality, and lighting levels,
ensuring that the indoor
environment remains comfortable
and efficient.

Occupancy Sensors

Occupancy sensors detect the
presence of individuals in different
areas of the building, which can be
used to optimize lighting, HVAC
systems, and security.

These meters measure electricity,

water, and gas consumption,
Energy Meters providing data for energy

management and sustainability

efforts.

Security sensors include

surveillance cameras, access
Security Sensors control systems, and intruder

alarms, enhancing building safety
and security.

Integration with IoT (Internet
of Things) Technologies:
Prescriptive Digital Twin rely on
IoT technologies to enable
seamless connectivity and data
transmission between sensors,
devices, and the digital twin
framework [48]

Wireless
Communication
Protocols

Communication Protocols: IoT
sensors and devices communicate
using various protocols like MQTT,
Zigbee, LoRa, and more, ensuring
efficient data transfer.

Gateways

Gateways serve as intermediaries
between IoT devices and the digital
twin, facilitating data aggregation
and transmission.

IoT Platforms

IoT platforms provide the software
infrastructure for managing and
analyzing IoT data, ensuring data
integrity and accessibility.

Big Data Analysis and Real-
Time Data Processing;:
Prescriptive ~ Digital
employ big data analytics and
real-time  data  processing
engines to derive meaningful
insights from the vast amount of
data generated by sensors and
other sources [49].

Twin

Data Warehouses

Data  warehouses serve  as
repositories for historical data,
enabling the comparison of current
data with past trends.

Machine Learning
Algorithms

Machine learning algorithms are
used  for  predictive and
prescriptive analysis, identifying
patterns and making
recommendations.

Complex Event
Processing (CEP)

CEP engines analyze data in real
time, detecting events and
anomalies as they occur, which is

d0i:10.20944/preprints202406.1927.v1


https://doi.org/10.20944/preprints202406.1927.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2024 d0i:10.20944/preprints202406.1927.v1

12
crucial for immediate decision-
making.

Cloud Computing and Edge Cloud computing  provides
Computing in Prescriptive scalable and remote  data
Digital Twin: Cloud Infrastructure processing capabilities, making it
Prescriptive =~ Digital ~ Twin suitable for handling vast datasets
leverage both cloud and edge and resource-intensive tasks.
computing to optimize data Edge computing involves on-site
storage, processing, and data processing at the source of
decision-making [50-53] Edge Devices data generation, reducing latency
and enabling immediate actions in
real time.

Fog computing is a hybrid
approach that combines cloud and
edge  capabilities,  providing

Fog Computing flexibility and efficiency in data
processing and decision
distribution.

These components collectively create a dynamic digital replica of the building, continuously
integrating real-time data, advanced analytics, and IoT technologies. This holistic approach
empowers Prescriptive Digital Twin to monitor, analyze, and optimize building performance,
delivering substantial benefits such as energy efficiency, predictive maintenance, and enhanced
occupant comfort in today’s modern built environment.

5. Applications of Prescriptive Digital Twin for Building Performance Enhancement

Prescriptive Digital Twin play a pivotal role in improving the performance of buildings across
various aspects. These applications leverage real-time data, predictive analysis, and intelligent
recommendations to enhance the efficiency, sustainability, and overall quality of building operations.
Here’s an in-depth exploration of the applications shows in Table 3:

Table 3. Applications of Prescriptive Digital Twin for Building Performance Enhancement.

Improved Performance Descriptions

Building Energy Efficiency & Conservation [54,55]

Real-time data analysis allows adjustments in energy
consumption patterns to match supply, optimizing energy costs.
Continuous monitoring and analysis of energy usage identify
areas for efficiency improvements, reducing waste.

The digital twin fine-tunes heating, ventilation, and air
conditioning systems for optimal comfort and energy savings.
Integration with renewable energy sources, like solar panels,
ensures efficient utilization.

Demand Response

Energy Monitoring

HVAC Optimization

Renewable Energy Integration

Prediction and Maintenance Needs Management [46,56]

Real-time sensor data and predictive algorithms forecast
Predictive Maintenance equipment failures, allowing timely repairs and reducing
downtime.
The digital twin optimizes maintenance schedules, minimizing
disruption to building occupants.
Tracking equipment and spare parts ensures maintenance teams
have what they need when they need it.

Maintenance Scheduling

Inventory Management
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Streamlining work orders and tracking their progress enhances

Work Order Management . -
maintenance efficiency.

Indoor Air Quality and Environment Regulation [11,57,58]

Monitoring pollutants and adjusting HVAC systems ensures
occupants breathe clean air.

Adjusting ventilation, heating, and cooling based on occupancy
levels improves comfort and energy efficiency.

Adaptive lighting systems create optimal lighting conditions for
productivity and well-being.

Sensors detect excessive noise levels and adjust sound insulation
and HVAC systems accordingly.

Air Quality Control

Occupancy-Based Controls

Lighting Control

Noise Reduction

Risk Management and Building Security [16]

Real-time surveillance camera feeds and access control data are
analyzed to identify security threats.
The digital twin detects unusual activities or unauthorized
access and triggers immediate alerts.

Security Monitoring

Anomaly Detection

Integration with emergency systems facilitates rapid response to
fires, intrusions, or other emergencies.

Enhancing visitor tracking and access control improves overall
security.

Emergency Response

Visitor Management

These applications demonstrate the diverse capabilities of Prescriptive Digital Twin in building
environments. By seamlessly integrating data, analytics, and automation, these twins optimize
energy usage, predict maintenance needs, ensure indoor comfort, and bolster security, ultimately
resulting in more efficient, sustainable, and secure buildings.

6. Case Studies of Implementing Digital Twin in Real Buildings

The implementation of Digital Twin in buildings holds the potential to enhance energy
efficiency, occupant comfort, and overall building management and operational efficiency. While
there are several case studies for the implementation of the Digital Twin Prescriptive Model in
Buildings, it is still relatively minimal compared to the Descriptive and Predictive Models [2,59-61].
There is case studies of implementing digital twin in buildings:

1. Monitoring and Control of Building Facades to Improve Energy Efficiency and Occupant
Comfort: Digital Twin can monitor building facade conditions, such as temperature, humidity,
and light intensity, optimizing HVAC and lighting systems usage to enhance energy efficiency
and occupant comfort.

2. Monitoring and Control of HVAC Systems to Increase Energy Efficiency and Occupant Comfort:
Digital Twin can monitor environmental conditions inside buildings, such as temperature,
humidity, and air quality, optimizing HVAC systems usage to improve energy efficiency and
occupant comfort.

3. Monitoring and Control of Lighting Systems to Improve Energy Efficiency and Occupant
Comfort: Digital Twin can monitor lighting conditions inside buildings, optimizing lighting
systems usage to increase energy efficiency and occupant comfort.

4. Monitoring and Control of Building Security and Safety Systems to Enhance Occupant Safety:
Digital Twin can monitor building security and safety systems, such as alarm systems and
surveillance cameras, optimizing their usage to improve the security and safety of building
occupants.

5. Monitoring and Management of Space Utilization to Increase Productivity and Efficiency:
Digital Twin can monitor space utilization in buildings, optimizing it to increase productivity
and efficient space use.
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6. Monitoring and Maintenance of Buildings to Reduce Maintenance Costs and Increase
Availability: Digital Twin can monitor building conditions and predict equipment or system
failures, enabling preventive maintenance to reduce costs and increase building availability.

7. Building Planning and Design to Enhance Future Building Performance: Architects and
engineers can use Digital Twin to design more efficient and comfortable buildings. By utilizing
data from existing building Digital Twin, they can improve future building designs to enhance
building performance.

Opverall, the implementation of Digital Twin in buildings has the potential to improve energy
efficiency, occupant comfort, and overall building management and operational efficiency.

a. Implementation Examples in Commercial Buildings (Offices, Malls, etc.)

Kone Company: Kone Company uses Digital Twin to improve elevator service in buildings and
reduce maintenance costs. They collect data from elevators in buildings and use Digital Twin to
predict elevator failures and fix problems before they occur. This allows them to reduce maintenance
costs and increase lift availability [62].

Fraunhofer Building Innovation Alliance: The Fraunhofer Building Innovation Alliance is
studying the potential benefits of Digital Twin in buildings and has highlighted the potential benefits
of Digital Twin in the building life cycle. They identified several Digital Twin applications in
buildings, such as monitoring and control of building facades, monitoring and control of HVAC
systems, and monitoring and control of lighting systems [63].

Study on Digital Twin in buildings conducted by S. H. Khajavi et al.: This study discusses the
implementation of Digital Twin on building facades and highlights the potential benefits of Digital
Twin in reducing maintenance costs, increasing occupant comfort, and reducing overall building
management and operational costs. They use Digital Twin to monitor the condition of building
facades and optimize the use of HVAC and lighting systems to improve energy efficiency and the
comfort of building occupants [46].

b. Implementation Examples in Industrial or Factory Buildings

e  Manufacturer: Digital Twin applications in manufacturing include real-time monitoring and
repair of production machines, improving product quality, and reducing production costs.

e Aviation: Digital Twin applications in aviation encompass real-time aircraft performance
monitoring, fuel efficiency improvement, and flight safety enhancement.

e  Healthcare: Digital Twin applications in healthcare involve real-time monitoring of medical
equipment performance, improving patient care efficiency, and enhancing disease diagnosis
and treatment.

In conclusion, Digital Twin has been deployed across various industries and sectors to enhance
efficiency, performance, and safety. However, there is still ample room for Digital Twin development
in the future to maximize its benefits across diverse industries and sectors.[52,64,65].

7. Challenges and Barriers in Developing Prescriptive Digital Twin for Buildings
The development of Prescriptive Digital Twin for buildings faces several challenges and barriers,

along with potential solutions to overcome them:

Table 4. The development of Prescriptive Digital Twin for buildings challenges and Barriers.

Challenges Potential Solutions

Data Breaches: Implement robust encryption protocols to protect
data during transmission and storage.

Privacy Concerns: Utilize data anonymization techniques to
balance data collection for optimization with individual privacy
rights.

System Integration and Diverse Systems: Utilize APIs and middleware solutions to
Interoperability Challenges facilitate communication between disparate building systems.
[67]

Data Security and Privacy
Issues [16,66]
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Potential Solutions

Legacy Infrastructure: Promote and adopt industry standards for
building system communication to ensure compatibility with
modern technologies.

Data Volume: Implement scalable infrastructure solutions like
cloud and edge computing to efficiently handle large data
volumes.

Data Quality: Establish data validation processes to ensure the
accuracy and reliability of collected data for effective decision-
making.

Challenges

Complexity of Data
Collection and Management
[68,69]

These challenges highlight the complexity of implementing Prescriptive Digital Twin in building
environments. A comprehensive approach encompassing robust security measures, seamless system
integration, and effective data management strategies is essential to overcome these barriers. Finding
solutions to these challenges is vital in unlocking the full potential of Prescriptive Digital Twin for
optimizing building performance while safeguarding data privacy and security.

8. Discussion and Future Research

a. Summary of Findings from Literature Review

Table 5. Summary of Findings from Literature Review.

References Description Gap Analysis
Provides a comprehensive analysis of the state- The gap between the two
of-the-art definitions of Digital Twin (DT), papers lies in their specific
exploring its main characteristics, and focus areas, with the first
investigating the domains in which DT paper providing a broader
applications are being developed. Design overview of DT definitions,

[70] implications and discusses open issues and characteristics, and
challenges related to DT. applications, ~ while the
second paper delves deeper
into the prescriptive digital
twin model for building
spaces.
Offers a comprehensive analysis of the current The gap between the two
state of DT applications in the construction papers lies in their specific
industry, including the concept, technologies, research focus. While the
and six areas of application in the lifecycle first paper provides a
phases of a project. broader analysis of DT
[61] applications in the
construction industry, the
second paper narrows down
the focus to the prescriptive
digital twin model for the
physical environment of a
building space.
Provides an overview of the processes involved The gap analysis suggests
in establishing and wusing digital twin that the latter paper
technologies in the construction industry, provides a more detailed
including data acquisition, transmission, examination of the
[66] modeling, integration, and servicing processes. prescriptive digital twin

model for the physical
environment of a building
space, while the former
paper offers a broader
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overview of digital twin
technologies in the
construction industry.

[71]

Focuses on the construction of a systematic and
clear architecture for DTs, with a specific
emphasis on the operation and maintenance
(O&M) phase. It presents a system architecture
for DTs and shares lessons learned and
challenges involved in developing DTs in real
practices.

The gap between these two
papers lies in their specific
focuses and contributions.
“Developing a Digital Twin
at Building and City Levels”
provides a roadmap and
research efforts for asset
management practitioners,

policymakers, and
researchers, while
“Prescriptive Digital Twin
Model for Physical

Environment of a Building
Space” lays the foundation
for system architecture and
demonstrator development.

[72]

Focuses on the application of digital twin
information ~ systems in  construction,
emphasizing the wuse of data-driven
management and control of physical systems.

While both papers
contribute to the
understanding of Digital
Twin in construction, they
have different focuses.
“Construction with digital
twin information systems”
emphasizes the use of digital
twin information systems
for closed-loop control in

construction, while
“Prescriptive Digital Twin
Model for Physical

Environment of a Building
Space: A Comprehensive
Literature Review” focuses
on the prescriptive model
for the physical
environment of a building
space.

(2]

Discusses the multifaceted applications of
Building Information Modelling (BIM) during
the construction stage and highlights the limits
and requirements for a Construction Digital
Twin (CDT). The paper emphasizes the need for
a holistic, scalable semantic approach that
factors in dynamic data at different levels.

The gap analysis between
these two papers reveals
that the first paper discusses
the limitations and
requirements for a
Construction Digital Twin,
while the second paper
focuses on a prescriptive
digital twin model for the
physical environment of a
building space.

[73]

Focuses on the application framework and
methods of digital twin (DT) technology for
product lifecycle management. It proposes an
application framework for DT and provides a
case study of a welding production line.

The gap between these two
papers lies in their research
focus. The first paper
focuses on the application
framework and methods of
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DT for product lifecycle
management, while the
second paper focuses on the
prescriptive  digital twin
model for the physical
environment of a building
space.
Focuses on the review of Digital Twin (DT) The gap between these two
applications for maintenance, which has not papers lies in their different
been previously explored. research focuses. The first
paper explores the
applications of DTs for
[74] maintenance in  various
industrial sectors, while the
second paper focuses on the
development of a specific
prescriptive  digital twin
model for building spaces.

Based on the systematic review, it’s evident that the findings from the literature provide valuable
insights into the development and applications of digital twin technologies, particularly in the
context of building environments. These insights help identify gaps in current research and pave the
way for future investigations to address these gaps effectively.

b. Challenges and Potential Directions for Further Research

Several challenges and potential directions for further research in developing a prescriptive
digital twin model for a space are identified based on a systematic review:

1. Data availability: Constructing an accurate prescriptive digital twin model requires a substantial
and diverse amount of data regarding the space. However, often the required data is unavailable
or difficult to access.

2. Poor data quality: In addition to data availability issues, poor data quality can also pose
challenges. Incomplete, inaccurate, or unstructured data can affect the quality of the constructed
model.

3. Model complexity: Complex and intricate prescriptive digital twin models demand significant
resources for development and management. Model developers must ensure that the model is
accessible and understandable to users.

4.  Environmental changes: Over time, a space can undergo changes such as the addition or removal
of equipment, temperature fluctuations, or layout alterations, which can impact the performance
of a prescriptive digital twin model.

5. Technology and resource availability: Developing a prescriptive digital twin model requires
extensive technology and resources, such as powerful computers and software, sensors, and
monitoring systems. Limited availability of these resources can pose challenges.

6. Model alignment with user needs: A prescriptive digital twin model must align with user
requirements and expectations. Therefore, conducting a thorough study of user objectives and
needs is essential before developing the model.

A prescriptive digital twin model for a space can introduce several innovations:

1. Enhanced space efficiency and performance: By utilizing a prescriptive digital twin model,
energy usage can be optimized, maintaining appropriate temperature and air quality, and
improving HVAC system performance to save energy costs and ensure user comfort.

2. Identifying issues before they occur: A prescriptive digital twin model enables users to simulate
and predict problems or potential issues in the space before they happen, allowing for
preventive or corrective actions to be taken.

3. Improved decision-making: With a prescriptive digital twin model, decision-making is based on
accurate and real-time data, enabling users to make better and more precise decisions.
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4. Enhanced user experience: A prescriptive digital twin model can help users choose a workspace
that meets their preferences, such as desired temperature, lighting, and noise levels.

Improved safety and health: By controlling temperature, air quality, lighting, and appropriate
noise levels, a prescriptive digital twin model can help maintain the health and safety of the space’s
users.

9. Conclusions

Throughout this study, we have examined the concept of the prescriptive digital twin model
and discussed the challenges involved in its development. Our focus has been on exploring the
potential benefits of implementing this model and highlighting critical considerations for its
construction to enhance efficiency, productivity, and the overall comfort of the working environment.

While our discussion primarily revolves around the prescriptive digital twin model in the
context of building spaces, it’s crucial to note that the term “room” refers to the environment within
a building where occupants perform various activities.

We have identified several challenges in the creation of a prescriptive digital twin model,
including data availability, data quality issues, model complexity, environmental dynamics, and
resource constraints. Despite these challenges, leveraging prescriptive digital twin models offers a
plethora of innovations, such as enhanced room efficiency and performance, proactive problem
identification, data-driven decision-making, improved user experience, and better safety and health
conditions.

In conclusion, the adoption of prescriptive digital twin models presents significant potential for
improving energy efficiency, productivity, and the overall comfort of working environments.
However, to realize these benefits effectively, it's imperative to address challenges like data
availability, model complexity, and implementation costs during the development phase. Therefore,
careful consideration of factors such as adequate data availability, appropriate technology selection,
suitable room design, alignment with business objectives, and maintenance requirements is essential.

By incorporating these considerations into our approach and developing robust solutions,
prescriptive digital twin models can emerge as invaluable tools for enhancing productivity,
efficiency, and the overall quality of working environments.
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