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Abstract: With the rapid development of information technology, digital twin technology
has gradually shown its powerful application potential in various industries. In the
construction of smart campus, digital twin technology provides innovative solutions for
campus planning and operation and maintenance management through the combination of
virtual simulation and real-time data. This paper discusses the specific applications of digital
twin technology in campus planning, including digital design, building optimization and
facility layout optimization. Meanwhile, it analyzes its role in campus operation and
maintenance management, especially the application effect in intelligent management, real-
time monitoring and predictive maintenance. Through the study of typical cases, this paper
summarizes the advantages of digital twin technology in enhancing campus management
efficiency and reducing operation and maintenance costs, and looks forward to its future
development direction.

1. Introduction

With the progress of science and technology and the rapid development of information technology,
digital twin technology, as an emerging technological tool, is rapidly changing the traditional work
mode in various fields[1]. Digital twin technology realizes real-time monitoring, analysis and
optimization of its dynamic state and behavior by constructing virtual copies of real-world objects or
systems|[2]. Its applications cover a wide range of fields such as manufacturing, urban management,
transportation, etc., bringing significant benefits to various industries. Basic Equation for Digital
Twin Model Representation:

DT(t) = Xiz1 Si(6) + Z;n:l Dj(t) (1)

The potential of digital twin technology is particularly significant in the education sector,
especially in campus planning and O&M management[3]. Traditional campus planning often relies
on static design drawings and plans, while operations and maintenance management relies on manual
data logging and periodic inspections[4]. The introduction of digital twin technology can break these
traditional limitations and provide more accurate and dynamic analysis and decision support through
the combination of real-time data and virtual models.

The purpose of this paper is to explore the application practice of digital twin technology in campus
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planning and operation and maintenance management[5]. Firstly, we will introduce the basic concepts
and key technologies of digital twin technology and explore its specific applications in campus
planning, including virtual design, building optimization and facility layout[6]. Second, we will
analyze the role of digital twin technology in campus operation and maintenance management, such
as intelligent management, real-time monitoring and predictive maintenance. Through the study of
actual application cases, this paper will summarize the advantages of digital twin technology in
enhancing campus management efficiency and reducing operation and maintenance costs, and look
forward to its future development direction.

2. Digital Twin Overview

Digital Twin Technology (DTT) refers to the creation of a virtual copy of a real-world object or
system to enable real-time monitoring and analysis of its state, behavior and performance[7]. This
virtual copy is not just a static model, but a dynamic system that is synchronized with the real object
and is able to receive data updates, perform analysis and make predictions in real time[8]. The core
of digital twin technology lies in the high degree of consistency between its virtual model and the
actual object, allowing us to simulate and optimize real-world processes in a virtual environment.

Digital twin technology consists of three key components: physical entities, digital models, and
data connections. Physical entities are objects or systems in reality, such as campus buildings or
facilities; digital models are virtual copies of physical entities, constructed through computer
modeling and simulation techniques; and data connectivity refers to the transmission of real-time data
from physical entities to digital models through sensors, the Internet of Things (IoT), and other
technologies to achieve real-time synchronization of data[9]. The combination of these three enables
digital twin technology to achieve accurate simulation and dynamic analysis of the real world. Energy
Consumption Optimization:

Etotar = fOTP(t) dt (2)

Digital twin technology originated in the manufacturing industry and has evolved and matured
with the advancement of Industry 4.0. In the early days, digital twins were mainly used for
manufacturing process optimization and fault prediction[10]. With the advancement of technology,
digital twins have been gradually extended to urban management, transportation, architectural design
and other fields. Especially in recent years, with the development of big data, artificial intelligence
and loT technology, the application scope of digital twin has been expanding, and its function and
accuracy have been improving. Currently, digital twin technology has become one of the important
technologies in the construction of smart cities and smart campuses, showed in Fig.1.

Campus Traffic Flow - Travel Time by Route and Time of Day

|
g Iy
B B
il -

Figure 1: Campus Traffic Flow - Travel Time by Route and Time of Day
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Digital twin technology shows great potential for application in campus planning and O&M
management[11]. Through virtual simulation, campus planners can optimize and adjust the overall
layout, architectural design and facility configuration of the campus before construction, reducing
design errors and construction costs[12]. In operation and maintenance management, digital twin
technology can realize real-time monitoring and data analysis of campus facilities, helping managers
to carry out predictive maintenance, improve the efficiency of facility use, and optimize the allocation
of resources. These applications not only enhance the intelligence of campus management, but also
provide strong support for improving the quality of the educational environment.

3. Digital Twin Technology in Campus Planning

In campus planning, digital twin technology significantly improves the accuracy and efficiency of
design and planning by providing virtual modeling and real-time simulation support. First, digital
twin technology can assist in the digital design of the campus, optimize the overall layout and building
structure through virtual simulation, and provide a scientific basis for the actual construction.
Secondly, the technology can accurately model and simulate in the process of architectural design,
help optimize building functions and structures, and improve the efficiency of space utilization.
Finally, digital twin technology in the application of campus traffic and facility layout, through the
simulation of traffic flow and facility configuration, to help planners make more reasonable design
decisions, thereby improving the overall operational efficiency of the campus and the use of
experience.

3.1 Digital Design in Campus Planning

Digital design refers to the digital modeling and optimization of campus planning through
computer technology and virtual simulation. In the digital design process, planners can create a three-
dimensional virtual model of the campus and design, adjust and verify it in a virtual environment.
Compared with traditional 2D drawings, digital design provides a more intuitive and comprehensive
view that more accurately reflects the actual design results. The advantages include improved design
accuracy, reduced design errors, time and cost savings, and data support for design decisions.
Predictive Maintenance Probability:

Proinre(®) =1 —e™ (3)

A key application of digital twin technology in campus planning is virtual simulation. By
constructing a virtual campus model, planners can simulate the effects of various design options in a
digital environment. This simulation allows designers to optimize the spatial layout of a campus by
predicting in advance the impact of different layouts on space utilization, traffic flow, and building
functions. Virtual simulation can also help identify potential problems, such as space congestion or
conflicting functions, so that adjustments and improvements can be made to achieve optimal design
results.

The interactive nature of digital twin technology makes the design process more flexible and
dynamic. With real-time data input and feedback, designers can make real-time changes in the digital
model and observe how the changes affect the overall design. This interactivity not only improves
design accuracy, but also allows planners to respond more quickly to design changes and demand
adjustments. In addition, digital twin technology supports multi-party collaboration, allowing design
teams to discuss and make adjustments in a shared virtual environment, ensuring coordination and
consistency of design solutions. Campus Traffic Flow Optimization:

1
Tavg =N Iiv=1 T; (4)
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In practical application, several campus planning projects have successfully adopted digital twin
technology for digital design. For example, in the construction of a new campus, a university
conducted comprehensive virtual modeling and design optimization through digital twin technology,
which ultimately improved the efficiency of the use of campus space and functional configuration.
Through digital design, the project not only reduced the risk of changes during the construction phase,
but also effectively solved multiple design problems during the planning phase. These real-world
examples demonstrate the practical application of digital twin technology in campus planning and
validate its significant advantages in improving design quality and efficiency.

3.2 Digital Twin Technology in Architectural Design

The application of digital twin technology in building design focuses on virtual modeling and
performance analysis of buildings. By creating a digital twin of a building, designers are able to view
all aspects of the building in detail in a virtual environment, including the structure, materials and
functional layout. This virtual model not only simulates how the building will perform under different
conditions, but can also be updated in real time to reflect the latest state of the building design. The
digital twin technology enables designers to comprehensively evaluate and optimize the building
during the design phase, ensuring that the building design is scientific and practical, showed in Fig.2.
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Figure 2: Energy Consumption Pattern over 24 Hours

In the process of architectural design, digital twin technology can optimize the structure and
functional layout of the building through virtual modeling. Designers can use the virtual model to
compare different design options for a building, analyze the impact of each option on the building
structure, and select the optimal design option. By simulating the building's load-bearing capacity,
thermodynamic performance, and air circulation, digital twins help designers identify potential
structural problems and functional conflicts, so that the design can be adjusted to improve the safety
and comfort of the building.

Another important application of digital twin technology in building design is real-time monitoring
and performance prediction. By integrating sensors and 10T technologies, the actual state of the
building can be fed back into the digital twin model in real time, enabling designers to continuously
monitor the performance and operation of the building. This real-time monitoring capability not only
helps to identify deficiencies in the design in a timely manner, but also predicts how the building will
perform under different conditions of use, providing a basis for future maintenance and improvement.
The integration of real-time data makes building design more dynamic and intelligent.

In practical applications, several architectural design projects have been successfully optimized
using digital twin technology. For example, when designing a new office building, an architectural
firm conducted a comprehensive virtual simulation and optimization of the building's structure and
function through digital twin technology. This process not only improved the accuracy of the design,
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but also effectively reduced design changes and construction errors. The success of this project
demonstrates the practical application of digital twin technology in architectural design, proving its
significant advantages in improving the quality of architectural design, reducing costs and improving
efficiency, showed in Fig.3.
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Figure 3: Predictive Maintenance - Failure Probability over Time
3.3 Digital Twins in Campus Transportation and Facility Layout

Digital twin technology is used in campus transportation planning to simulate and analyze traffic
flow on campus through virtual simulation. By creating a digital twin of the campus transportation
system, planners are able to observe traffic flow in real time and simulate the impact of different
transportation scenarios on traffic flow. This virtual simulation can help identify traffic bottlenecks,
congestion points, and potential safety hazards, which can then be used to optimize traffic routes and
signal configurations to improve traffic efficiency and safety. Digital twin technology can also
support traffic flow forecasting for different time periods and special event scenarios. Events on
campus, such as exam season, student activities or large conferences, may have a significant impact
on traffic flow. By simulating these scenarios in a digital model, planners can develop targeted traffic
management measures ahead of time to keep traffic flowing during peak event periods. The digital
twin can also be integrated with real-time data to dynamically adjust traffic strategies, such as
automatically adjusting signal timing during peak traffic hours, further improving the adaptability
and responsiveness of the traffic system. This integrated application not only improves the overall
efficiency of campus transportation, but also provides a powerful tool for managers to achieve more
scientific and forward-looking transportation planning. Heat Transfer in Buildings:

Q =U-A-AT (5)

In terms of facility layout, digital twin technology helps planners to optimize the facility
configuration by digitally modeling various types of facilities (e.g., academic buildings, libraries,
laboratories, etc.) on campus. By simulating the impact of different facility layouts on campus
functions and space usage, planners can test various layout scenarios in a virtual environment to select
the optimal configuration. This not only enhances the efficiency of facility usage, but also improves
the pedestrian flow and accessibility of the campus, making the overall campus environment more
user-friendly.

Digital twin technology provides the ability to dynamically monitor campus traffic and facility
usage by integrating real-time data. By installing sensors and cameras on campus, real-time data can
be fed back into the digital twin model, helping administrators understand actual usage and make
timely adjustments to operational strategies. For example, the timing of traffic signals can be adjusted
based on real-time traffic flow data, or the opening hours and maintenance schedules of facilities can
be optimized based on facility usage data, thus improving the overall operational efficiency of the
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campus.

Several campus projects have successfully used digital twin technology to optimize traffic and
facility layouts. For example, in a university's campus renovation project, a comprehensive simulation
and analysis of traffic flow and facility layout was conducted through digital twin technology. The
project optimized traffic routes and facility configurations through virtual simulation, significantly
improving traffic mobility and space utilization on campus. The actual application case demonstrates
the effectiveness of digital twin technology in campus traffic and facility layout, and verifies its
advantages in improving campus management and optimizing resource allocation.

4. Digital Twin Technology in Campus Operations and Maintenance Management

Digital twin technology in campus O&M management realizes the intelligence of O&M
management by providing virtual models and real-time data support. By building digital twins of
campus facilities and systems, O&M managers can monitor equipment status, facility operation, and
system performance in real time in a virtual environment. This intelligent management not only
improves the accuracy and efficiency of operation and maintenance, but also enables the managers to
react quickly when encountering problems, reducing operation and maintenance costs and failure
rates. In addition, digital twin technology allows for predictive maintenance by analyzing real-time
data and historical trends. This proactive approach helps prevent equipment failures before they occur,
further reducing downtime and maintenance costs. The integration of real-time insights and predictive
capabilities enhances overall campus operational resilience and sustainability. Resource Optimization
in O&M:

Ropt = min(}Xi, G - x;) (6)

One of the core benefits of digital twin technology is real-time monitoring and data analysis. By
integrating data from sensors and monitoring devices into the digital twin model, managers can track
the operational status of facilities and systems in real time. This real-time data not only helps detect
and diagnose problems, but also supports a data-driven decision-making process. For example, based
on real-time data analytics, administrators can identify abnormal equipment behavior, conduct early
warnings and troubleshooting, thereby preventing equipment failures from impacting campus
operations.

Digital twin technology makes predictive maintenance possible. By analyzing real-time data from
facilities and equipment, combined with historical data and model predictions, managers can predict
equipment downtime and maintenance needs. This predictive maintenance not only helps to schedule
maintenance work in advance to reduce sudden failures, but also optimizes resource allocation to
ensure efficient operation of campus facilities. In addition, digital twin technology supports the
optimal allocation of resources, such as adjusting energy consumption and maintenance schedules by
analyzing facility usage.

Several campus O&M projects have successfully applied digital twin technology for optimization.
For example, in a university's O&M project, digital twin technology was used to monitor and manage
various facilities on campus, including buildings, heating systems and power networks. Through
digital twin technology, the project achieved real-time monitoring, predictive maintenance, and
resource optimization, greatly improving the efficiency and effectiveness of campus O&M. The real-
world application demonstrates the significant advantages of digital twin technology in enhancing
O&M management, reducing maintenance costs and improving facility reliability, showed in Fig.4:
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Figure 4: Resource Optimization Heatmap

In addition to these immediate benefits, digital twin technology also facilitates long-term strategic
planning in campus O&M. By continuously collecting and analyzing data from various campus
systems, digital twins enable the identification of trends and patterns that may not be immediately
apparent through traditional methods. This allows facility managers to anticipate future maintenance
needs, optimize energy usage, and plan for infrastructure upgrades more effectively. For example, by
analyzing energy consumption patterns, digital twins can suggest energy-saving measures or predict
when critical equipment might require replacement. Furthermore, the ability to simulate various
“what-if” scenarios within the digital twin model allows for proactive decision-making, helping
campus administrators to avoid potential issues before they escalate. This forward-looking approach
not only ensures the smooth operation of campus facilities but also supports sustainability goals by
reducing resource consumption and minimizing the environmental impact of campus operations. As
digital twin technology continues to evolve, its role in campus O&M will likely expand, offering even
more opportunities for innovation and efficiency, showed in Fig.5.
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Figure 5: Facility Usage Distribution
5. Conclusion

The application of digital twin technology in campus planning and operation and maintenance
management is gradually changing the traditional design and management mode. Through digital
modeling and virtual simulation, digital twin technology provides a more accurate and dynamic
design tool for campus planning, enabling planners to optimize the spatial layout and architectural
design in a virtual environment, which improves the overall planning science and efficiency. In terms
of campus operation and maintenance management, digital twin technology greatly enhances the

157



intelligent level of facility management through real-time monitoring, data analysis and predictive
maintenance, effectively reduces operation and maintenance costs, and improves the operational
reliability and resource utilization efficiency of campus facilities.

In practical applications, digital twin technology has demonstrated its significant advantages in
optimizing campus design, enhancing O&M efficiency and improving user experience. Through the
analysis of several successful cases, we can see that digital twin technology not only brings higher
flexibility and accuracy to campus management, but also promotes the implementation of intelligent
and data-driven decision-making. With the continuous advancement of technology and deeper
application, the potential of digital twin technology in campus planning and O&M management will
be further released. Future research can focus on the further development of the technology, the
expansion of application scenarios, and interdisciplinary integration to promote the widespread
application of digital twin technology in smart campus construction. Through continuous innovation
and optimization, digital twin technology is expected to play a more important role in enhancing
campus management, optimizing resource allocation and improving the quality of educational
environment.
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