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Abstract

Meeting international air quality requirements is extremely challenging in Saudi Arabia, especially given the difficulties
in assessing air pollution caused by traffic and the development of secondary pollutants including ozone (Os) and small
particulate matter (PM..s). The sensitivity of current air quality models is frequently insufficient to evaluate the short-
term effects on environmental quality of dynamic traffic situations, such as those brought on by temporary construction
zones. This paper proposes a digital twin—based framework to assess and mitigate the environmental impacts of road

work zones by integrating real-time traffic data, air quality measurements, and predictive analytics.

The severity of these effects is illustrated by a case study that gathers average daily traffic during rush hour and related
air quality indicators (CO, NO,, Os;, PMio, PM,.s, Coz). According to the results, there was a 145% rise in PM;, levels
during a work zone closure compared to pre—closure readings for every 15% increase in peak—hour traffic. Furthermore,
there was a significant positive association found between CO2 concentrations and traffic volume. These results
demonstrate the critical need for instruments capable of dynamically simulating and tracking these kinds of environmental

disruptions.

Through the use of digital twins, which are virtual representations of road segments enhanced with real-time data and
simulation capabilities, this study makes it possible to analyze emissions and air quality in real-time under various traffic
management and construction scenarios. The creation of a statistical model to assess and suggest mitigation techniques,
including adaptive detour planning, optimal scheduling, and emissions—reducing measures, is also supported by the
digital twin architecture. This strategy complements Saudi Arabia's sustainability objectives within the Vision 2030

framework and is a revolutionary step toward environmentally intelligent work zone management.
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1. Introduction

The long-term viability, safety, and operation of transportation systems depend on maintaining and improving the
infrastructure of the roads. Temporary activity, however, can heighten local environmental consequences and seriously
disrupt traffic patterns. These disturbances frequently result in higher levels of noise and dust pollution from construction
operations, as well as increased emissions from ftraffic, rerouting, and vehicle idling. Numerous researches have
established the health concerns associated with residing near work zones. (Font, et al., 2014). The WHO estimated
that the outdoor air pollution in both urban and rural areas likely contributed to approximately 4.2 million deaths globally
in 2016. Research indicated that exposure to fine particulate matter, specifically that which is 2.5 microns or less, is

more likely to be the cause of the aforementioned mortality rate (WHO, 2025).

In Saudi Arabia, the rapid pace of urbanization and infrastructure development presents growing environmental and
operational challenges. With major investments under Vision 2030, the expansion of road networks and urban corridors
has accelerated, which may require more to meet global air quality standards. Urban areas like Riyadh, Jeddah, and
Dammam frequently experience exceedances in pollutant levels, particularly nitrogen dioxide (NO.), ozone (Os), and
particulate matter (PM]O, PM2.5), which is directly or indirectly linked to traffic emissions (Alharbi, Shareef, & Husain,
2015). The air pollution remains a pressing issue, particularly in urban centers such as Riyadh, Jeddah, and Dammam.
According to the World Health Organization, the air pollution in the kingdom of Saudi Arabia is responsible for 26% of
death from stroke and ischemic heart disease, moreover, the average concentration of PM, 5 is approximately eleven
times higher than the World Health Organization’s recommendation air quality guideline value (WHO, 2023). In Qassim
region, the PM concentrations were higher than allowable limits, especially during dust storms. The average values of
PM,;, PM, 5, and PM;, were 12.23, 33.16, and 155.38 pug/m? in urban regions and 8.18, 23.03, and 93.57 pg/m* in

rural areas (Alnagran, Mansour, Alashrah, Suardi, & Abdul Rahman, 2023).
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One of the significant limitations in current practice is the reliance on static air quality models, which are not well-suited
to evaluate the short-term, high—impact changes associated with temporary work zones. These conventional models
often lack real-time processing and prediction functionalities, therefore, limiting their effectiveness in proactively
mitigating pollution risks (Ramadan, Ali, Khoo, Alkhedher, & Alherbawi, 2024). Consequently, their utility in operational
planning and mitigation of environmental harm is limited. Therefore, a thorough analysis of emissions from work zones,
it is necessary to describe the correlation between the pollutant levels and the various factors that may influence, such

as weather, traffic volume, and equipment.

To address these limitations, the study explores the use of Digital Twins (DTs) virtual replicas of physical systems
continuously updated with real-time data for assessing and mitigating the environmental impacts of work zones.
According to the Digital Government Authority, the DT is a management approach that enhance situational awareness
and, consequently, decision—making to support new or enhanced business objectives (Digital Goverment Authority,

2021).

In transportation infrastructure management, the Digital Twin (DT) is increasingly used to optimize traffic flow and
transportation systems. The DT models are used in the design stage to simulate, test, and optimize physical systems
in a virtual environment. They allow engineers to detect issues early, refine designs, and evaluate performance across
parameters like structural integrity, energy efficiency, and operational effectiveness. Digital twins have considerable
potential for environmental applications. By combing meteorological information, traffic modeling tools, and air quality
sensors. DTs also enable real-time collaboration among engineers, architects, and contractors through a shared virtual
platform, ensuring seamless data exchange, better coordination, and greater accuracy in the design process (Yan, et
al., 2023). This capability enables proactive, data—informed decision-making on work zone design, scheduling, and
detour management. In Saudi Arabia, the key component of Vision 2030, which priorities digital infrastructure,

sustainability, and livability, is the implementation of smart city technology (Vision 2030, 2016).

The objectives of this study are to identify the key variables that contribute to increased emissions in road construction
work zones, to assess the levels of emissions generated within these zones, and to develop a statistical model capable

of estimating emission levels for each work zone based on the field datasets, because of the limited of air quality studies
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in the KSA. In addition, the study proposes a Digital Twin framework that integrates real-time data from traffic and
environmental sensors, dynamic traffic simulation models, and statistical analyses of pollutant behavior. This framework
aims to evaluate the environmental footprint of various work zone scenarios and determine optimal strategies to reduce
emissions and minimize air pollution exposure, particularly in dense urban environments, this integration of DT in
environmental assessments contributes in achieving the smart and sustainable infrastructure goals as outlined in Saudi
Vision 2030, which emphasizes environmental stewardship, digital transformation, and innovation in public services

(Vision 2030, 2016).

2. Methodology

2.1 Study Area Selection

A thorough explanation of the study design is given, including sampling locations for vehicle emissions along
specific study routes. The selection of relevant factors was guided by findings from previous studies reported in the
literature review. Vehicle emission concentrations are classified into two categories: peak—hour and off-peak—hour
traffic data. Alternatively, measurements can be taken both within the work zone and upstream of it to ensure
comparable conditions. This approach enables the study to assess the effect of traffic congestion in the work zone
on emission concentration levels. Data collection was organized into tables to record the site location, surrounding
neighborhood, the number of open and closed lanes, and the calculated traffic flow within the work zone. Emission
measurements were then conducted at these sites. The selection of work zones was based on several criteria,
including work zone length, quantity of construction equipment, average daily traffic, number of lanes, construction
duration, posted speed limit, and observed average speed. Figure 1 presents the location of Buraydah City, situated
approximately in the geographical center of the Kingdom of Saudi Arabia, while Figure 2 illustrates the selected

work zone sites within the city.
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Figure (2): The selected work zones in Buraydah City
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2.2 Data Collection

Data collection represents a critical component of this study, encompassing work zone characteristics, traffic
data such as Average Daily Traffic (ADT), and vehicle emissions within the work zone. The ADT during peak
hours was determined using three possible approaches: traffic maps (e.g., Google Cloud), Decision Tree
Methods, and the Bayes Method. In this study, Google Maps was employed to identify peak hours in
Buraydah City, which typically occur between 7:00 PM and 10:00 PM. Following the identification of peak

periods, ADT was recorded at each work zone to count the number of passing vehicles and trucks.

Air pollutant concentrations were measured using a Portable Emissions Measurement System (PEMS),
capable of detecting carbon monoxide, hydrogen sulfide, nitrogen dioxide, ozone, particulate matter, sulfur
dioxide, volatile organic compounds, and other pollutants. Figure 3 depicts a team member conducting

emission measurements at one of the work zones using the PEMS device

Figure (3): Emission measurement using PEMS at a work zone.
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2.3 Vehicles Speed
Vehicle speed plays a critical role in determining emission levels within work zones. Extremely low speeds, often
resulting from congestion or frequent stops, tend to increase emissions of carbon monoxide (CO), hydrocarbons
(HC), and carbon dioxide (CO.). The average speed of vehicles passing through the work zone was measured using

the instrument shown in Figure 4.

Figure (4): Instrument used to measure vehicle speed at work zone

2.4 Work Zone Length.
The length of a work zone has a direct and measurable impact on vehicle emissions, particularly during peak traffic
hours when congestion is most severe. Longer work zones can lead to extended periods of vehicle idling, frequent
acceleration and deceleration, and slower average speeds, all of which contribute to higher emissions of pollutants
such as carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), and particulate matter (PM). In this
study, the length of each work zone was carefully measured using a measuring wheel, as shown in Figure 4.
Accurate measurement of work zone length is essential not only for assessing traffic flow and congestion patterns
but also for correlating these factors with emission levels, enabling a more precise evaluation of the environmental

impact of construction activities on surrounding areas.



OMAINTEC Journal

(Journal of Scientific Review)

Figure (5): Measuring work zone length using a measuring wheel
2.5 Air Quality Index

Following the measurement of vehicle emissions within or around a work zone, the Air Quality Index (AQl) is
the most suitable metric for assessing the impact on ambient air quality. Developed by the U.S. Environmental
Protection Agency (EPA), the AQI is widely adopted internationally and is particularly effective for evaluating the
environmental effects of localized sources such as road work zones. The index emphasizes six key pollutants, as
summarized in Table 1:

Table 1: Major pollutants in the AQI and their air quality categories

Level of
o, PMy, | PM, co so, NO, co, AQl Heaith
(ppm) (ppm) | (PPM) | (ppm) (ppm) (ppm) (ppm) Values Concern
0.000 - 0- 0.0 - 0.000-
0.060 — 0.05-| 0.0155- 0.035- B
0.075 0.154| 0.0404 45-94 0.144 701-1000 51 -100 Moderate
. — 0.0405- .145- Unhealthy for
0.076 0.155- 0-145 1001-1500 "
0.095 0.254 0.0654 |9.5-12.4 0.224 = 101 = 150 SensitiveGroups
0.096 — | 255- | 65.5- 0.225-
0.115 354 12.5-15.4 0.304 — 1501-2500
150.4
0.116 — 355- 150.5- 0.305-
0.374 424 250.4 15.5-30.4 0.604 0.65-1.24| 2501-5000 ‘
0.255- | 0.0655- 0.605-
- 30.5-40.4 0.804 1.25-1.64| >5000 301 — 400 Hazardous
0.354 0.1504 ’
0.355- | 0.1505- 0.805 -
_ 40.5-50.4 1.004 1.65-2.04 - 401 = 500 Hazardous
0.424 0.2504 ’
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2.6 Integrating the Digital Twin—based air quality monitoring approach

Building on the collected data, this study develops a Digital Twin (DT) framework that incorporates real-time air

quality monitoring within work zones.

2.6.1 Data collection:

A multi-source data acquisition strategy is adopted, including:

a— Road Asset and Traffic Data
e Road Geometry and pavement conditions.

e Real-time traffic data, including vehicle type, count, and speed.

b— Work Zone Activity Logs
e Construction equipment usage, engine type, operation durations.

e Work Zone location, size, and time schedules.

c— Air Quality and Metrological Data
e Fixed and mobile air quality sensors to monitor pollutants.

e Weather stations to measure temperature, humidity, and wind speed/direction.

2.6.2 A multi —layered Digital Twin is created using Building Information Management (BIM) and Geographic

Information System (GIS) integration as shown in the Figure 6. The Digital Twin includes:

a- Geometric and Asset Layer
e 3D spatial model of road segments and work zones.

e Asset condition overlaid from pavement management system.
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b- Environmental Layer
e Real-time air quality sensor feeds integrated with spatial locations.

e Dispersion modeling to simulate pollutant spread.

c— Traffic Simulation Layer
e Simulation of vehicle movement through work zones (e.g., using VISSIM or
SUMO).
e Scenario to model queue formation, idling, and emissions under various traffic

control stratifies.

Traffic Simulation Layer

Environmental Layer

Geometric and Asset Layer

Figure (6): Multi-layered Digital Twin framework for work zone air quality monitoring

3. Results and Discussion

Figure 7 illustrates the relationship between Average Daily Traffic (ADT) levels and the corresponding Air Quality
condition across multiple road work zones. The results demonstrate a nonlinear trend in pollution impact, with air quality
categories ranging from the "Good" to " Unhealthy for Sensitive Groups," based on measured pollutant concentrations.
Notably, work zones with an ADT of 400 vehicles per day exhibited the highest number of zones with degraded air

quality, with the majority falling within the "Moderate" category and at least one zone classified as "Unhealthy." This

10
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indicates that moderate traffic levels may create critical conditions where both vehicular emissions and construction
activity contribute significantly to pollution, potentially due to congestion and prolonged idling. In contrast, work zones
with very low (200 ADT) or high (1000 ADT) traffic volumes showed a greater proportion of "Good" or '"Moderate" air
quality, suggesting that lower traffic reduces emissions, while higher traffic may be associated with better traffic flow.
These findings underscore the importance of adaptive traffic and work zone management strategies, particularly in

moderate—traffic corridors, to mitigate air quality deterioration during maintenance operations.

Moderat

No. work zone

Unhealthy for
sensitive grou
10- g P

ij—l_l— j::h:]:) or

Figure (7): ADT versus air quality across work zones.

Figure 8 compares the posted speed limits with the actual average travel speeds observed across 4( work
zones. As depicted, the posted speeds remain relatively consistent across zones, typically ranging between
80 and 120 km/h. In contrast, the average speeds of the vehicles passing through the work zones are
significantly lower in nearly all cases, often falling below 60 km/h and in some cases below 30 km/h. This
consistent discrepancy suggests that drivers tend to reduce their speed substantially when passing through
work zones, regardless of the officially posted limits. Factors contributing to this behavior may include lane

narrowing, construction activity visibility, traffic congestion, and driver perception of risk. From a traffic

11
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management perspective, the reduced average speeds may lead to increased emissions due to prolonged
idling and stop—and—go conditions, especially in zones where speed drops below 40 km/h. Furthermore, the
mismatch between posted and actual speeds indicates potential opportunities for dynamic speed regulation
and improved signage to align speed expectations with actual driving behavior. These findings support the
integration of speed-related parameters in Digital Twin models to improve traffic flow simulation and

environmental impact forecasting in work zone scenarios.

Posted speed VS Average speed

11 13 15 17 19 21 23 25 27 29 31 33 35 37 139

140
120
100

oo
(e ]

Speed (km/h)
3

B
o

=]
(= -]

Work zone Number
M Posted speed M Average Speed

Figure (8): Posted speed limits vs. observed average speeds in 40 work zones

Figure 9 illustrates the relationship between the length of work zones (in meters) and the corresponding air quality
classification observed across multiple sites. The color—coded bars represent air quality categories, which are ranging
from Good (green), Moderate (yellow), and Unhealthy (red), based on pollutant concentrations measured during
construction activities. The shorter work zones, particularly those between 100 to 200 meters, are associated with the
highest frequency of moderate air quality levels, with several zones recording over 10 occurrences in this range. One
zone in the 200-300 m category recorded unhealthy air quality, indicating that compact zones with dense activity and

restricted airflow may contribute to localized pollution spikes. As the work zone length increases to 500-1000 meters,

12
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the number of zones with moderate air quality decreases, with no zones classified as unhealthy or hazardous for
sensitive groups. This trend suggests that longer work zones may allow for better dispersion of emissions and reduced
concentration of pollutants per unit area, despite potentially higher total emissions. These findings highlight the
importance of incorporating work zone geometry into digital twin simulations and air quality modeling frameworks to

more accurately predict environmental impacts and inform mitigation strategies.

No. work zone
5. Unhealthy for
sensitive group
2.
1_
) Length of w.z(m)

100 @@ DOD®
0]

Figure (9): Relationship between work zone length and air quality classification.

For the 40 work zones examined in this study, air quality classification based on pollutant levels revealed significant
variation in health—related exposure. Out of the total sites, only 4 work zones (10%) were classified as having "Good"
air quality, indicating minimal environmental or health concerns. A majority of zones, 34 sites (85%), fell under the
"Moderate" category, suggesting that while pollutant levels were within acceptable limits, they may still pose concerns
for vulnerable populations or under prolonged exposure. Additionally, 1 work zone (2.5%) was categorized as "Unhealthy
for Sensitive Groups', including individuals with respiratory or cardiovascular conditions, the elderly, and children. Finally,
1 work zone (2.5%) exceeded threshold limits to the extent that it was classified as 'Unhealthy' for the general
population, highlighting the potential severity of emissions under certain work zone configurations or operational
conditions. These results confirm the importance of incorporating environmental performance metrics into road asset

and construction management strategies to protect public health.

13
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3.1 Multiple Regression Analysis

In order to investigate the relationship between a single dependent variable and multiple independent
variables, multiple regression is a statistical modeling technique that allows the prediction of an outcome
variable based on the known values of multiple predictors, each of which is given a weight that represents

its unique influence. The regression model's general form is as follows:

Y= a+b1X1+b2X2+b3X3+"'+ann (1)

where Y denotes the dependent variable, X; to X, are the independent variables, and a, b, ..., b, are the

regression coefficients estimated through the least squares method to minimize prediction error.

Based on the operational and physical features of road work zones, a multiple linear regression model was
created in this study to predict carbon dioxide (CO.) emissions, a crucial environmental indicator. Three
independent variables are included in the model: average daily traffic (ADT), the length of the work zone (L)
in meters, and a binary indicator that indicates if an intersection is present (). The following provides the

final predictive model:

CO, = 0.013L + 0.08 ADT — 26.17 I + 392.67 (2)

The focus on CO, emissions is justified by the fact that it is a significant greenhouse gas associated with
climate change and that it is directly related to both construction and vehicle activities. Road work zones
sometimes involve idling, rerouting, traffic congestion, and the use of fuel-powered equipment, all of which
raise CO, levels. Through the prediction of emissions under various scenarios, this model offers important

information about how well work zones function environmentally.

14
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The analysis was conducted by using the Microsoft Excel's linear regression analysis tool, a predictive model
developed to estimate CO, emissions based on selected independent variables related to work zone

characteristics. The model results are summarized in Table 2.

Table 2: Regression analysis summary for CO, emissions

Multiple R 0.665
R Square (R?) 0.442
Adjusted R Square 0.366
Standard Error 33.18
Number of Observations 26

The R? value of (.442 indicates that approximately 44.2% of the variation in CO, emissions can be explained by the
selected independent variables: work zone length, average daily traffic (ADT), and the presence of intersections. While
this level of explanatory power is moderate, it is considered acceptable given the variability often present in
environmental and transportation data. The adjusted R? of (0.366 accounts for the number of predictors used and

confirms the model's adequacy without overfitting.

In Table 3, the regression coefficients of the independent variables are presented. These coefficients
represent the magnitude and direction of the relationship between each variable and the predicted CO,
emissions. A positive coefficient indicates a direct relationship with CO, output, while a negative coefficient

suggests an inverse effect.

Table 3: Regression coefficients for CO, emission predictors

Standard

Coefficients | Error 1 Stat Pyalue | Lower 93% | Upper 95% | Lower 90.0% | Upper 90.0%
Intercept 3000686754 | 1554075430 | 2525240372 | 0.60378E-18| 3604204586 | 4240168023 | 365.0675002 | 4193608487
Length of
work zone 0.01263007 | 0.003947205 |  3.190004959 | 0.004133004 |  0.00444478 | 0.020817159 | 0.005852894 | 0.019409046
Is there an
intersectio: -26.17001473 | 13.55640236 | -1.930441419 | 0.066542400 | -54.28443055 | 1.04443008 | 4044846967 | -2.891539790
ADT 0.081322726 | 0.026157713 | 3.108038646 | 0.005117027] 0.027074949 | 0.135570503 | 0.036406155 | 0.126239206

15
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Based on the developed regression model, the following relationships can be identified between carbon
dioxide (CO.) emissions and the key influencing variables. Figure 10 illustrates the direct relationship between
CO, emissions and the length of the work zone, under controlled conditions where the average daily traffic
(ADT) is fixed at 500 vehicles/day, and no intersection is present within the work zone. The graph clearly
shows that as the length of the work zone increases, the predicted CO, emissions also increase in a linear

pattern, confirming the positive coefficient obtained for the length variable in the regression analysis.

This trend is consistent with the physical understanding that longer work zones tend to require more time for
vehicles to traverse, often involving reduced speeds, prolonged idling, and acceleration/deceleration cycles,
all of which contribute to higher fuel consumption and increased emission levels. Therefore, the length of the
work zone emerges as a critical geometric factor in emission modeling, particularly for short-term

maintenance zones in urban or peri-urban environments.
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— 400

5980, 510.41

£ 300
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O 200
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0 2000 4000 6000 8000 10000 12000
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Figure (10): CO; emissions vs. work zone length at ADT of 500 vehicles/day
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Assuming that the work zone is 100 meters long and devoid of intersections, Figure 11 shows the linear
relationship between carbon dioxide (CO.) emissions and average daily traffic (ADT). According to the chart,
there is a definite positive association between rising traffic numbers and rising CO2 emissions. Since more
vehicles moving through a restricted work zone generate more cumulative emissions as a result of repeated
acceleration, deceleration, idling, and traffic delays, this relationship is consistent with expected traffic

emission behavior.

The traffic volume is a crucial predictor in emission modeling, as the graphic illustrates. The localized air
quality is significantly impacted by a daily increase in the number of vehicles, even with a small work zone
length. These results corroborate the outputs of the regression model and provide attention to the need for
traffic load characteristics to be included in predictive environmental assessments for the planning of road
repair. This knowledge is especially helpful for maximizing temporary traffic control plans to reduce

environmental effects while construction or maintenance is underway.

1800
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0 5000 10000 15000 20000

ADT (VPD)

Figure (11): CO, emissions vs. ADT for a 100 m work zone

The effect of an intersection on carbon dioxide (CO) emissions is depicted in Figure 12 when the average

daily traffic (ADT) fluctuates and the work zone length is set at 100 meters. The figure illustrates how the

17
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existence of intersections has a negative impact on CO; levels, as shown by the regression model's negative
coefficient for the intersection variable (see Table 3). This implies that work zones without intersections
typically generate higher CO, emissions than those with intersections, even after adjusting for work zone

length and ADT.
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0 5000 10000 15000 20000
ADT (VPD)

Figure (12): Impact of intersections on CO, emissions

3.3 Leveraging Digital Twins to Manage Emissions in Road Work Zones

Particularly in cities with heavy traffic, work zones frequently result in localized environmental and traffic—
related problems. The increased emissions of pollutants such carbon dioxide (CO.), nitrogen oxides (NOx),
and particulate matter (PM) as a result of lane closures, speed adjustments, queuing, and intersection effects
are one of the main causes for concern. Incorporating Digital Twin (DT) technology into work zone planning
offers a revolutionary way to track, forecast, and manage these effects in real time, which is in line with the

growing interest in sustainable road asset management.

18
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3.3.1: Contribution of Digital Twins in Work Zone Emissions Control

3.3.1.1: Real-Time Monitoring:

DTs can integrate data from loT—enabled air quality sensors, traffic counters, and CCTV cameras to monitor
real-time emissions and traffic behavior. This enables detection of emission hotspots and deviations from

acceptable thresholds during construction.

3.3.1.2: Predictive Modeling
Using historical data and statistical algorithms, the DT simulates future traffic scenarios and predicts emissions

based on changes in lane configuration, vehicle flow, weather, and work zone duration.

3.3.1.3: Environmental Parameters

Environmental parameters such as wind speed and direction, temperature, and solar radiation are critical for

understanding how pollutants move and concentrate. Including these variables enhances decision—making

around work zone duration, timing, and placement.

3.3.1.3: Responsive Traffic Management

The Digital Twin can initiate dynamic traffic control techniques, such as rerouting algorithms that reroute
traffic through lower—emission corridors and variable message signs (VMS), which provide drivers with real—

time route suggestions if emissions above safe criteria.

» Modifications to speed limits to lower emissions from acceleration—deceleration cycles.

* Retiming of traffic signals to relieve congestion close to the impacted work zone
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» Temporary or partial lane closures or work rescheduling according to the impact predictions.

The DT is changed from a passive monitoring tool to an active traffic and emissions control system by this

proactive reaction capability.

4.3.2: Suggested Framework for Digital Twin—Driven Emission and Traffic Management

Stepl: Data Acquisition Layer
Traffic Sensors, Environmental Sensors, Air Quality
Sensors, Infrastructure Data, Historical Datasets

4

Step 2: Integration and Modeling Layer
¢ Digital Twin Core Platform: Synchronizes live data with the virtual model
e Emission Prediction Engine: Uses statistical models
e  Traffic Flow Simulator: evaluates traffic under various configurations and responses.
« Emission Threshold Detection Module: Triggers alert when emission limits are exceeded

A\ 4

4 )

Step 3: Analysis and Optimization Layer
e Scenario Analysis: Evaluate work zone plans under variable traffic and environmental
conditions
e Predictive Analytics: Forecast high-emission zones and periods
Optimization Engine: Balances work zone parameters for minimal impact
Traffic Management Logic: Activates countermeasures when emission levels exceed safe

\. limits. /

A\ 4

Step 4: Visualization and Decision Layer
Live Dashboard: Displays emission levels, traffic flow, congestion risk, weather status
Decision Support Tools: Suggest best work scheduling options and traffic interventions
Public Communication: VMS, mobile apps, and websites to inform drivers in real-time
Reporting Interface: For compliance, auditing, and policy analysis

Figure (13): Suggested framework for DT of Controlling Emission at Work Zones
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4.3.3 Suggestions and Recommendations

To enhance the quality, accuracy, and applicability of future studies in this area, the following recommendations are

proposed:

1. Expand Data Collection Scope: To increase statistical reliability and the generalizability of results, future
studies should focus on gathering a bigger and more varied dataset.

2. Incorporate Additional Variables: To properly account for their impact on emissions and traffic flow
characteristics, future models should incorporate geometric and environmental elements like: Lane width,
Shoulder width, ambient temperature during data collection, Relative humidity, Seasonal fluctuations.

3. Improve ADT Estimation Methods: Improving model precision requires using more precise and standardized
techniques to estimate Average Daily Traffic, particularly in places without historical traffic data.

4. Promote Local Research on Traffic Emissions: More thorough studies on air pollution caused by traffic are

needed in Saudi Arabia, especially in relation to development zones and urban infrastructure projects.

Further study will be in a better position to offer more precise insights on work zone emissions and traffic behavior by
resolving these shortcomings and putting the following recommendations into practice. Additionally, incorporating Digital
Twin technologies can facilitate proactive decision—making by enabling real-time monitoring, simulation, and predictive
modeling of the effects of traffic and air quality. In the end, this method contributes to smarter and more resilient
infrastructure systems by improving the accuracy of environmental evaluations and assisting in the creation of

sustainable transportation plans and well-informed urban planning.
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5. Conclusion

This study emphasizes how important road construction work zones are in affecting local air quality and how crucial it
is to incorporate cutting—edge modeling and monitoring techniques to lessen their negative environmental effects. The
results show that the length of the work zone, average daily traffic, and vehicle speed all have significant effects on the
emissions of important pollutants like CO,, PM,, and NO,. The necessity for real-time and predictive assessment
methods is highlighted by the inadequacy of traditional static air quality models in capturing the dynamic conditions

within work zones.

This research offers a comprehensive approach for continuously monitoring and simulating environmental conditions,
traffic behavior, and work zone operations by putting forth a Digital Twin (DT)-based framework. Proactive decision—
making for work zone design, emission mitigation strategies, and traffic management is made possible by the DT
framework's ability to integrate real-time data from weather, air quality monitoring equipment, and traffic sensors. In
addition to supporting data—informed design for sustainable urban transportation systems, this method improves the

accuracy of emission estimates.

Overall, integrating Digital Twin technology into work zone environmental management is a viable solution to accomplish
Saudi Vision 2030's goals, especially those related to digital transformation, sustainability, and the creation of smart
cities. To further lessen the environmental impact of road infrastructure projects and guarantee safer and healthier urban
settings, future research should keep improving DT models, integrate more operational and environmental factors, and

investigate adaptive control techniques.
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Abstract
Water infrastructure worldwide faces mounting challenges from resource scarcity, aging systems, and climate change. In
the Middle East and North Africa, these pressures are particularly acute, driving substantial investment in advanced
solutions such as desalination, wastewater reuse, and smart water networks. However, technology deployment alone is
insufficient; innovation requires a structured, repeatable process rather than unstructured or isolated initiatives.
This paper presents a methodological framework for fostering high-impact innovation in water systems, integrating the
Theory of Inventive Problem Solving (TRIZ) with established innovation management processes. The approach begins
with precise problem definition and functional analysis to identify inefficiencies, followed by the formulation of technical
contradictions and strategies for their resolution. Using TRIZ tools such as the Contradiction Matrix, Inventive Principles,
and the Ideal Final Result, the method guides the generation of targeted solution concepts, evaluated against technical,
economic, and sustainability criteria. Implementation planning ensures that selected solutions progress from concept to
deployment while capturing knowledge for future innovation cycles.
Two case studies illustrate the methodology: a hybrid desalination process combining freezing and reverse osmosis and
a Treated Sewage Effluent reuse network that maximise reuse without compromising quality or cost.
In both cases, the digital twin is not a passive replica but an active innovation laboratory that continuously reveals
contradictions, guides inventive resolutions, and validates candidate solutions under realistic conditions.
The results demonstrate the framework’s effectiveness in resolving complex trade-offs efficiently and sustainably. While
focused on water infrastructure, the approach is applicable across sectors facing multifaceted innovation challenges.

Keywords: Water treatment, TRIZ, Digital Twin.

1. Introduction

Water infrastructure is under growing pressure worldwide. Many regions, especially in arid climates, face severe water
scarcity, aging distribution networks, and rising demand that outpaces supply capabilities. The Middle East and North
Africa (MENA) exemplify this challenge: an inherently hot, dry climate and limited freshwater resources have led to
heightened water stress [1]. Climate change further threatens long-term freshwater availability, making water security a
top strategic priority. Governments and industries are responding with major investments in innovative water technologies
and infrastructure to close the gap. For example, Middle Eastern countries now produce about 40% of the world’s
desalinated water, spearheading novel solutions like solar-powered desalination to transform scarcity into abundance [2].
Initiatives in desalination, wastewater reuse, smart water grids (e.g. smart meters), and large-scale conservation efforts
signal that innovation is the lifeblood of a dynamic water sector [3].

Amid these efforts, a critical insight has emerged: innovation cannot be left to chance.

While enthusiasm for new ideas is plentiful, the process of translating ideas into real improvements requires structured
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support to stay relevant in any industry. To ensure long-term viability, innovation must span the full spectrum of
opportunities and be guided systematically using appropriate methodologies, as ad hoc brainstorming or isolated pilot
projects are not sufficient to address complex challenges such as aging water infrastructure, inefficient resource
management, and the growing impact of climate-related water scarcity.

Organizations need a systematic approach to innovation, analogous to how they have structured processes for engineering
design, quality control, or operations. This means establishing an ongoing innovation process with defined steps, ensuring
that promising ideas are generated, rigorously evaluated, and finally implemented to create value.

The purpose of this paper is to present a methodological framework for systematic innovation in water systems. We aim
to help technical leaders and researchers move beyond ad-hoc idea generation, toward a structured, repeatable process
that can tackle the technical contradictions and complexity inherent in water infrastructure projects. The framework builds
on well-established systematic innovation techniques, notably the Theory of Inventive Problem Solving (TRIZ), adapting
them to the context of water supply, treatment and management. While our focus is on water infrastructure, a sector of
urgent importance in the Arab world, we emphasize that the approach is generalizable to virtually any field where
innovation is needed. Here below, we outline key concepts of systematic innovation, detail the proposed methodology,
and then demonstrate its application through case studies in desalination and water conservation.

2. Water Infrastructure Challenges in the Middle East

The Middle East’s water sector provides a compelling context for deploying systematic innovation. Fourteen countries in
the region face “extreme water stress,” meaning they are withdrawing a very high percentage of their available water
resources every year [2]. Rapid population growth, urbanization, and industrial development have intensified water
demand, even as groundwater aquifers are depleted and climate change brings more frequent droughts. Traditional
approaches alone (e.g. drilling more wells or building conventional dams) are insufficient to ensure long-term water
security.

The urgency of this scenario has transformed resource limitations into a driver of technological innovation, prompting
Middle Eastern nations to increasingly adopt advanced solutions for the augmentation and efficient management of water
resources. Notably, the region has become a global leader in desalination technology.

By necessity, Gulf countries like Saudi Arabia and the UAE have invested heavily in desalination plants and now account
for a substantial portion of worldwide desalinated water production. Innovations, such as solar-powered desalination
systems and advanced membrane technologies, are being tested and implemented, improving efficiency and reducing the
historically high energy costs of desalinating seawater. In addition, countries are exploring water reuse and recycling,
turning wastewater into a resource for agriculture and industry, and implementing rainwater harvesting and cloud-seeding
to boost water availability. Large infrastructure projects, new dams with smart monitoring, nation-wide rollouts of smart
water meters, and massive sewer tunnel systems, underscore the commitment to invest in resilient, technology-driven
water infrastructure.

While the adoption of emerging technologies represents a critical component of progress, it is insufficient on its own to
significantly advance water sustainability objectives. Regional stakeholders increasingly acknowledge the necessity of a
systematic approach to innovation, one that moves beyond fragmented and siloed initiatives toward integrated strategies
encompassing technical, organizational, and policy dimensions.

Within this framework, the application of a structured innovation methodology offers a means for water authorities,
utilities, and private-sector actors to rigorously identify high-impact solutions and manage the complex trade-offs typical

of water infrastructure projects, such as cost-efficiency, operational performance, and social acceptability.
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3. Systematic Innovation Approaches: Concepts and Background

Innovation can be approached either randomly or systematically. In the past, many organizations relied on unstructured
brainstorming or trial-and-error methods to find new ideas. While these methods can yield occasional breakthroughs, they
often result in many ordinary ideas and few truly novel solutions. Research in creativity has shown that merely increasing
the quantity of ideas (as in classic brainstorming) does not guarantee quality or originality; In fact, generating a flood of
conventional ideas can limit creativity by reinforcing familiar patterns and preventing exploration of novel solutions.

This insight has led to a “different approach” in which organized, structured processes replace unguided idea generation.
In other words, systematic methods deliberately guide teams to think beyond obvious solutions, increasing the chance of
breakthrough innovations.

One of the most established systematic innovation methodologies is TRIZ (the Russian acronym for “Theory of Inventive
Problem Solving”). Developed by Genrich Altshuller and colleagues starting in the 1940s, TRIZ is grounded in the study
of hundreds of thousands of patents to distill patterns of invention [4] [5].

Altshuller discovered that inventive solutions share common principles and often resolve specific and well defined
recurring types of problems. By capturing these patterns as a set of tools and strategies, TRIZ allows problem-solvers to
avoid trial-and-error and tackle problems in a more algorithmic way [6]. Unlike purely creative techniques, TRIZ does
not rely on spontaneous inspiration; rather, it provides a logical, knowledge-based framework that systematically leads
innovators to promising solution concepts. Notably, TRIZ’s greatest strength lies in its ability to constrain the solution
search space to areas with demonstrated effectiveness; in other words, the exploration is not random but directed by
established and validated patterns.

The central concept of TRIZ is resolving contradictions: most technical problems involve a trade-off or conflict between
two factors; for instance, making a pipeline more durable might make it more expensive or heavy. At the heart of TRIZ

is the idea that innovative solutions come from eliminating such contradictions, rather than accepting trade-offs.

TRIZ provides a matrix of 39 engineering parameters and 40 inventive principles as a toolkit to systematically resolve
technical contradictions by applying known solution strategies. For example, if increasing flow capacity causes pressure
loss in a water network (a contradiction), TRIZ principles like “Segmentation” (principle nr 1) or “Dynamics” (principle
nr. 15) might suggest splitting the flow into parallel paths or using adjustable pipes, thus improving one parameter without

sacrificing the other.
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Figure 1: shows a graphical representation illustrating the 40 solving principles in the order proposed by Altshuller.
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Copy Cheap Mechanics Pneumatics Flexible Shells
Short-Lived Substitution and Hydraulics and
Objects Thin Films
Porous Material Colour Changes Homogeneity Discarding Parameter
and Recovering Changes
Phase Thermal Strong Inert Composit
Transitions Expansion Oxidants Atmosphere Materials

Figure 1: The 40 Inventive Principles represented with visual symbols
Another key concept in TRIZ is the Ideal Final Result (IFR), which represents the most desirable solution in its ultimate
form, one in which the intended function is achieved without introducing new costs, complications, or negative side
effects. By clearly defining this ideal outcome, the IFR serves as a guiding reference point, allowing innovators to work
backward from the optimal end state. This approach encourages the use of available resources and existing system
elements, promoting simpler and more efficient solutions rather than adding unnecessary complexity.

Based on this principle, TRIZ also emphasizes Resource Analysis, which involves systematically identifying all available
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resources within or around the system -such as materials, energy, and information- that can be leveraged to address the
problem. Breakthrough innovations often emerge from repurposing waste streams or environmental resources; for
example, utilizing the heat contained in wastewater to support treatment processes.

These concepts (contradictions, inventive principles, IFR, resource utilization, etc.) form a structured mindset that differs
significantly from unstructured brainstorming.

It’s worth noting that TRIZ is part of a broader family of systematic innovation techniques.

Variants and derived methods have emerged, such as Systematic Inventive Thinking (SIT), which was developed in the
1990s as a more streamlined approach building on TRIZ’s core idea that inventive solutions share common patterns [7].
Other structured methods include quality-focused innovation frameworks including Design for Six Sigma (DFSS), Quality
Function Deployment (QFD), Total Quality Management (TQM), Lean approach, etc [8], and conceptual engineering
tools (like morphological analysis or functional analysis) which can be integrated into an overall innovation process [9].
What these approaches share is a commitment to intentional and organized process, over the simple creative spontaneity.
As a result, organizations that adopt systematic innovation report more repeatable and efficient idea generation, since

teams spend their energy following proven strategies for innovation rather than reinventing the wheel each time.

4. Proposed Methodology for Systematic Innovation in Water Systems

Building on the above concepts, we propose a structured methodology specifically designed to foster innovation in water
infrastructure projects. This systematic approach integrates the core principles of TRIZ with established innovation
management stages, ensuring that the idea generation process is not only creative but also rigorously aligned with the
operational, technical, and regulatory constraints of real-world implementation.

The methodology is organized into a sequence of phases, as outlined below and illustrated in Figure 2.

It begins with the precise definition of the problem and a comprehensive analysis of the system context, including
environmental, technical, and socio-economic factors. Key contradictions and challenges are then systematically
identified and formulated using TRIZ tools, which in turn direct the search for solutions toward the most relevant inventive
principles and available resources.

The subsequent stages involve the generation of potential solutions, their structured evaluation against predefined
technical, economic, and sustainability criteria, and the iterative refinement of the most promising concepts. The process
concludes with the selection of solutions ready for implementation, supported by a clear roadmap for deployment and

monitoring.

Creative ideation
and resource

Identifying the core allocation Choosing the best
challenge Generate path forward
Define the solutions Select
problem and through promising
analyze system inventive solutions for
context principles implementation
[ I I I I I >
Identify Evaluate and Implement
contradictions refine ideas selected
and formulate Assessing feasibility solutions
challenges and impact

Realizing innovative

Using TRIZ tools for ideas
strategic planning

Figure 2: A systematic innovation process for water systems.
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Critically, the entire process is conducted by a multidisciplinary team composed of experienced technical specialists and
sector-specific managers (in this case, experts in water management) working under the guidance of a professional
innovation manager. This ensures that the methodology remains firmly grounded in domain expertise, while benefiting
from proven practices in structured innovation management.

As a result, innovative ideas are transformed into practical, high-impact solutions, rather than remaining as untested
concepts.

4.1 Problem Definition and System Analysis

Every innovation initiative begins with a precise problem definition, which must not only be accurate in its technical
scope but also closely aligned with the specific operational, environmental, and organizational context in which it is
addressed.

In the water sector, these problems can range from broad objectives, such as reducing non-revenue water losses in a city’s
distribution network or improving the resilience of supply systems to drought, to highly specific technical challenges,
such as preventing membrane fouling in a desalination plant, mitigating biofilm formation in distribution pipelines,
optimizing energy consumption in high-capacity pumping stations, or enhancing the efficiency of chemical dosing in
water treatment facilities.

It is crucial to frame the problem in a way that does not prejudge the solution. Teams should gather data on the current
system performance, map out the technical and operational context, and identify all stakeholders’ needs.

A useful TRIZ-based tool at this stage is the Multi-Screen (9-Windows) Analysis, which encourages looking at the
system on multiple scales (subsystem, system, supersystem) and time frames (past, present, future) [10].

Another fundamental TRIZ-based tool is Functional Analysis, that dissects a system into its functions and components,
assessing useful and harmful effects to reveal inefficiencies and root causes. That is done without assuming solutions.

In the water sector -spanning desalination, potable water, wastewater, and distribution- the method supports precise
problem definition aligned with operational and environmental contexts.

By mapping each component’s role and its interactions (e.g., pumps, pipes, membranes, valves,...), Functional Analysis
identifies where systems fall short: e.g. membrane fouling and energy loss in desalination, leaks and biofilm in distribution
networks, excessive aeration energy in wastewater treatment, or over-dosing chemicals in potable water plants. This
clarity guides targeted innovation, such as anti-fouling membranes, smart leak detection, fine-bubble aeration, or real-
time dosing control.

The approach can drive to major technological evolutions: from thermal to energy-efficient desalination processes, from
reactive to smart water networks, from pollutant removal to resource recovery in wastewater plants, and from basic
disinfection to advanced oxidation for emerging contaminants.

By systematically uncovering weaknesses and harmful effects, Functional Analysis ensures innovations address the right
problems, integrate domain expertise, and balance technical, economic, and sustainability goals, turning water

infrastructure challenges into opportunities for high-impact, practical solutions.

4.2 Identification of Key Contradictions

After Function Analysis, the team formulates the problem in TRIZ terms by identifying any technical or physical
contradictions.

A technical contradiction occurs when improving one system parameter causes another to worsen. For example, in a
distribution network, increasing water pressure improves supply reliability but also increases leakage risk.

A physical contradiction arises when the same element must possess mutually exclusive properties, such as a valve that
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must be both perfectly tight (to prevent leaks) but also easy to open (for operational flexibility). In other words, the valve
is required to have maximum sealing force when closed and minimum sealing force when operated: two opposite
requirements for the same physical characteristic of the specific object.

Using TRIZ, we strive to eliminate these contradictions rather than settle for a compromise. The problem is so reframed
into an abstract formulation: “Improve X without worsening Y (technical contradiction) or “We need X both high and
low” (physical contradiction).

This abstraction is essential because it allows the use of one of TRIZ’s most well-known tools, the Contradiction Matrix.
The Contradiction Matrix is a reference table developed from the analysis of hundreds of thousands of patents, and is on
of the most used TRIZ tool for any technical contradiction.

Rows and columns of the Matrix correspond to 39 generic engineering parameters (e.g., “Pressure”, “Energy
Consumption”, “Ease of Operation”). By locating the improving parameter (X) and the worsening parameter (Y), the
matrix points to a shortlist of Inventive Principles -in set of 40 available, based on patents statistics- that have,
historically resolved similar conflicts in diverse industries.

The innovator then interprets and adapts these principles to the specific problem.

Figure 3 illustrates the methodological flow for using the Contradiction Matrix.

( T 3
Contradiction Matrix )
Worsening
— | Filtration efficienc: Inventive Principles
Problem Contradiction Improving 2 : P
Filtration efficiency needs to be Improve filtration efficiencity o 1[2(3)4]S]6] L Segmentatlon
improved in a water treatment plant without increasing energy consumption 'g Energy ¢ Doitinreverse
5 | consum- 1 ¢ Periodic action
£ | ption 13
Ne >/

Figure 3: A systematic innovation process for water systems.

Examples in water treatment environment:

1. Filtration Efficiency vs. Energy Use: Improving filtration efficiency in a reverse osmosis plant without
increasing pump energy. The matrix may suggest the following Inventive Principles: Segmentation (use
multi-stage filtration) or Add Another Dimension (arranging membranes in an optimized spatial layout).

2. Chemical Disinfection vs. By-product Formation: Increasing pathogen inactivation without producing more
harmful DBPs (disinfection by-products). The matrix points to Preliminary Action (apply pre-oxidation to
reduce precursor compounds) and Dynamicity (adjust dosing in real time based on water quality sensors).

3. Aeration Efficiency vs. Equipment Wear: Maximizing oxygen transfer in wastewater aeration tanks without
accelerating diffuser wear. The matrix suggests Periodic Action (intermittent high-intensity aeration) and
Use of Inert Environment (design diffusers resistant to fouling and scaling).

4. Pressure vs. Leakage: The matrix indicates Parameter Compensation (Pressure Compensation) and Nested
Dolls Approach (Hierarchical structures).

By guiding innovators toward proven inventive strategies, the Contradiction Matrix transforms a vaguely defined
improvement goal into a systematic and focused search for high-impact, practical solutions.

4.3 Generation of Solution Concepts

Guided by the contradiction analysis, the team now is ready to generate potential solutions.

At this stage, TRIZ inventive principles and the concept of the Ideal Final Result (IFR) enter the innovation process.
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The aim is to systematically explore the entire solution space, ensuring that all possible directions are considered, even if
some ideas ultimately prove impractical. Within this space, the most valuable outcomes are the high-level solutions that
resolve the problem by using only the resources already available within the system.

These approaches avoid introducing new components or external services, thereby minimizing additional capital and
operational costs.

The team should imagine the IFR, even if it seems utopian: for example, an ideal water pipe that never leaks and that if it
happens, it repairs itself automatically.

While the ideal may not be fully attainable, this thinking can inspire creative approaches and force specific direct
questions: do self-healing pipe materials exist? Can we insert smart leak detectors in every joint?

TRIZ inventive principles provide stimuli for ideation.

Continuing the leak example: Principle #1 “Segmentation” might suggest segmenting the pipeline into modular sections
that can be isolated and managed as separated pipes if necessary, or Principle #35 “Parameter change” could mean
dynamically adjusting pressure in different sections to minimize stress. Another principle, #10 “Prior Action”, could
inspire a preventive solution like lining pipes with a proactive sealant.

Figure 4 shows a visual diagram of the continuous loop contradiction analysis — systematic ideation — evaluation —

implementation — back to ideation, applied to the example of leaking pipes.

Parameter

Prior Action Change

Apply proactive

sealant Adjust pressure

dynamically

Apply TRIZ
Principles

Imagine IFR Segmentation

Ideal, self-repairing Divide pipes into

water pipe sections
Leaky Water Leak-Free
Pipes Water System
Constant leaks and No leaks, minimal
repairs repairs

Figure 4: Systematic Innovation Approaches applied to the leaking pipes example.
With such approach, the team systematically goes through relevant principles and generate solution ideas for each of
them, using analogies from other fields and known case studies as needed [11].
Crucially, this process must be continuous and structured, ensuring a constant flow of new ideas.
Then, each identified solution should be evaluated not only for its technical feasibility, but also for its alignment with the
operational context, cost constraints, and the strategic priorities of the commissioning organization.
This ongoing cycle of idea generation, selection, and implementation forms the backbone of any systematic, high-impact

innovation process.
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4.4 Evaluation and Selection of Ideas

Once a set of solution concepts is generated, the next phase introduces critical thinking back into the process. All the
generated ideas are evaluated against practical criteria: technical feasibility, cost, impact on performance, simplicity, time
to implement, etc. At this stage, techniques from innovation management and engineering design converge: for instance,
a weighted scoring model or multi-criteria decision analysis are techniques that could be used to rank ideas.

In this phase, it’s helpful to revisit the problem constraints and ensure each solution indeed resolves the targeted
contradiction without introducing unacceptable new downsides.

Often, the best solution is a combination of concepts from multiple ideas.

This phase may involve simulations or rough calculations (e.g., how much energy a proposed solution might save, or how
much it would cost to retrofit an existing system). The systematic framework aids here by linking back to the
contradiction: does the solution truly resolve the conflict between X and Y? If an idea doesn’t, it likely won’t survive the
evaluation.

4.5 Implementation Planning through the Digital-Twin/TRIZ Feedback Cycle

At the end of the process, the top-ranked innovative solutions can move into implementation. While the scope of this
paper is primarily the idea generation and development stages, implementation planning is a crucial step to ensure that
innovation delivers measurable value and is not lost in the transition from concept to practice.

In this stage, the digital twin becomes more than a passive replica: it acts as a dynamic innovation laboratory that not only
validates candidate solutions but also continuously generates new insights for the TRIZ process itself.

Rather than treating the twin as the final testing ground, the methodology establishes a circular flow in which real-time
data and simulated scenarios reveal emerging contradictions. These contradictions are then abstracted through TRIZ tools,
resolved with inventive strategies, and finally re-introduced into the twin for verification under realistic conditions. The
result is a closed feedback loop: Digital Twin — contradictions — TRIZ resolution — simulated validation — new
knowledge — Digital Twin (Figure 5). Practically, this means that operational scenarios simulated within the twin are

not just for risk reduction but also for problem discovery.

Collect Real-Time
Data

&1__"\-":.5
Generate New Identify
Knowledge Contradictions
Simulate Validation \ / Apply TRIZ Tools
=

Develop Inventive
Strategies

Figure 4: The Digital-Twin innovation cycle.
For example, a desalination plant twin may highlight that increasing operating pressure reduces membrane fouling but
simultaneously raises energy costs, or that modifying brine recirculation improves recovery ratios but decreases reliability
under seasonal variations. Each of these tensions represents a contradiction in TRIZ terms, feeding the innovation process

with precise problem formulations. Conversely, once TRIZ suggests inventive principles, such as segmentation, phase
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ransition, or dynamicity, the twin provides a safe environment to explore their feasibility, stress-test alternatives, and
refine the most promising ones before costly deployment.

This dual role positions the twin as both predictive enabler and contradiction generator. As a predictive enabler, it
supports maintenance planning, energy optimization, and quality assurance by integrating physics-based and Al-driven
models with real-time operational data. As a contradiction generator, it surfaces trade-offs that might otherwise remain
hidden until late operation, ensuring that the TRIZ methodology always tackles problems grounded in system reality.
Moreover, the knowledge captured in each iteration, whether a contradiction identified or a solution validated, enriches
the organizational memory. Every simulated scenario becomes a case in a growing innovation database, supporting future
projects with ready-to-use lessons learned. Implementation may therefore involve both physical pilots and digital twin
prototypes, but with the added advantage that the twin accelerates decision-making, reduces risk, and continuously
stimulates new inventive cycles.

In this sense, the digital twin is no longer a static mirror but an active partner in systematic innovation: a laboratory that
fuels contradictions, accelerates their resolution through TRIZ, and embeds validated knowledge into the ongoing
management of water systems.

5. Application of the Methodology: Examples

To illustrate the effectiveness of systematic innovation, we present two case studies in the water domain.

In each case, a structured TRIZ-inspired approach led to a novel solution that significantly improve performance. The
examples are based on publicly available studies and demonstrate how the methodology can be applied step-by-step.
While the focus is on water systems, it should be evident how similar approaches could generalize to any other
technological field as well.

5.1 Improving Desalination through TRIZ and Digital-Twin (Hybrid Desalination Case Study)

Desalination of seawater is vital for water-scarce regions, but conventional processes are energy-intensive and costly. A
case study by Baayyad and Hassani tackled this challenge using a TRIZ-based approach [5]. The specific goal was to
improve industrial seawater desalination efficiency without increasing cost or complexity: a clear contradiction between
water purity/quantity and energy/cost.

Problem Definition: the team started by analyzing existing desalination techniques (mainly thermal distillation and
reverse osmosis) and their limitations. The key problem identified was the high energy consumption and fouling issues
in reverse osmosis (RO) membranes. The desired outcome was a process that could produce the same quantity of fresh
water with lower energy input and less fouling: essentially aiming for an ideal desalination process.

Contradiction Identification: the technical contradiction is “Increase water output and quality without increasing (indeed
preferably reducing) energy usage and membrane fouling”.

Using TRIZ concepts, the team looked at ways to pre-treat or assist the RO process to resolve the conflict. They identified
that pre-removing impurities and reducing load on RO membranes could allow higher throughput and lower energy per
unit output. This pointed towards a hybrid process.

Solution Generation: by applying the Contradiction Matrix, the concept of integrating a freezing step emerged. Freezing
desalination, a known technique in which ice crystals exclude salt as they form, was considered because two TRIZ
inventive principles from the classical list were identified as relevant: Principle 36, Phase Transitions (changing state to
solve a problem), and Principle 5, Merging (combining systems or operations).

The resulting concept is a hybrid desalination process in which partial freezing produces low-salinity ice crystals for
subsequent RO treatment, thereby lowering operating pressure, chemical use, and total energy demand by an estimated

25% compared to conventional RO [12].
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Integration with digital twin (Principle #26 - Copy): at this stage, the methodology can be further reinforced by envisaging
the role of a digital twin that, in TRIZ terms, this corresponds to Principle #26 (Copy): instead of testing inventive
solutions directly on the physical system, a faithful digital copy of the desalination plant could reproduce its
thermodynamic and hydraulic behavior.

By integrating sensor data (temperature, pressure, salinity, fouling indicators) with physics-based and Al-driven models,
the twin would allow engineers to explore “what-if” scenarios such as fluctuating feedwater quality, variable energy
tariffs, or partial membrane fouling.

In this way, the digital twin becomes the bridge between systematic ideation and operational practice: TRIZ provides
inventive directions and candidate solutions, while the twin validates and optimizes these solutions in a safe, dynamic
environment before physical implementation. The application of the Digital Twin innovation cycle, where insights from
virtual experiments feed back into the TRIZ process, would continuously refine both the inventive concepts and their
practical applicability.

Overall, this example illustrates the potential of systematic innovation in the water sector: by rejecting the traditional
trade-off between output and energy, and by drawing on solution principles from outside the immediate field, where
freezing is more common in HVAC or cryogenics than in water treatment, innovators can propose creative and
unconventional approaches.

Notably, such results could be achieved even by non-experts in the specific domain, within short TRIZ working sessions
and with a small number of participants, making the innovation process both cost-predictable and economically
sustainable.

5.2 Maximising Treated Sewage Effluent (TSE) Reuse through TRIZ (Policy—Network Case Study)

TSE reuse is a strategic lever for water-scarce Gulf cities, displacing potable demand for irrigation, district cooling and
industry while easing reliance on energy-intensive desalination.

Recent programmes in the UAE report 80% utilisation of recycled water in Abu Dhabi [13] and city-wide ambitions to
reach 100% reuse in Dubai by 2030, aligned with a national target of ~95% reuse by 2036 [14].

These figures position TSE as a cornerstone of circular water management in the region.

Problem Definition: utilities seek to increase the share and continuity of TSE delivery to high-volume users (e.g., farms,
district cooling, industrial customers) without raising operational risk or cost, while ensuring compliance with reuse
standards and public acceptance.

In practice, this means expanding “purple-type” networks, stabilising quality (e.g., salinity, nutrients, pathogens),
matching variable demand profiles (seasonal peaks, irrigation schedules, etc.), and creating incentives and market
pathways for uptake [16].

Contradiction Identification: the central technical and organisational is: “Maximise TSE reuse coverage and volume
without increasing quality risk, energy consumption, or operational complexity”.

A second contradiction also emerges: “Increase customer uptake of reclaimed water without degrading perceived service
or safety”.

These constraints shape the challenge of scaling reuse in dense urban networks with strict quality requirements and
intermittent, peak-driven demand.

Solution Generation: applying the Contradiction Matrix it is possible to define a strategy integrating multiple classical

TRIZ principles into a unified operational framework.
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- Principle 1, Segmentation: partition the service area into reuse districts or district-metered areas supplied by
tertiary treatment facilities or polishing hubs, enabling targeted TSE routing to fit-for-purpose uses such as
district cooling, landscape irrigation, and industrial processes.

- Principle 23, Feedback: deploy on-line sensing (e.g., residual disinfectant/UV dose, turbidity, electrical
conductivity, microbiological proxies) integrated with SCADA to enable real-time quality-based routing and

pressure management.

Principle 10, Prior Action: install decentralised polishing units (e.g., filtration, UV) and appropriately sized
storage at demand nodes to buffer diurnal and seasonal variability before peak demand occurs.

- Principle 5, Merging: combine operational measures with governance tools (cost-reflective tariffs, connection
incentives, service-level agreements) and co-plan TSE trunk mains with district-cooling corridors to reduce
capital and operational costs.

- Principle 25, Resource Utilisation: reuse existing utility corridors, repurpose tanks for TSE storage, and recover
biogas at wastewater treatment plants to offset energy use.

Integration with digital twin (Principle #26 - Copy): At this stage, the methodology can be extended by envisaging the
role of a digital twin of the TSE network, which in TRIZ terms corresponds to Principle #26 (Copy).

By incorporating operational data streams, such as flow rates, turbidity, residual disinfectant, conductivity, and
microbiological proxies, into hydraulic and demand-forecasting models, a digital twin of the reuse network could provide
utilities with a decision-support tool capable of anticipating seasonal peaks, testing alternative district-level routing, or
assessing the impacts of sudden quality fluctuations.

Similar to the desalination case discussed in §5.1, the digital twin here would act not as a substitute for TRIZ, but as its
operational counterpart in the innovation process: while TRIZ structures the identification of contradictions and inventive
directions, the twin translates these ideas into simulated performance outcomes at network scale.

Rather than merely validating isolated concepts, it enables the dynamic combination of multiple strategies (e.g., hydraulic
segmentation, predictive storage, quality-based routing) under realistic operating conditions.

In this way, the Digital Twin innovation cycle is extended to TSE reuse: insights generated in the virtual environment are
continuously fed back into the systematic ideation process, ensuring that proposed measures are not only inventive in
principle but also feasible, robust, and adaptive to changing demand and quality scenarios.

Resolution of contradictions: The described approach resolves both contradictions by achieving higher reuse penetration
with stable quality and controlled operating expenditure, while substituting potable or desalinated water in priority sectors.
Table 1 maps the two key TRIZ contradictions in maximising Treated Sewage Effluent (TSE) reuse to the specific TRIZ

principles applied, the corresponding operational and policy measures, and the resulting resolution effects.

Table 1: Resolution of the two TRIZ contradictions (TSE example).

Identified Contradictions | TRIZ Principle(s) Operational / Policy Measure Effect / Resolution

Contradiction nr 1

1A — Expand TSE coverage | Segmentation (1) Partition service area into reuse districts Prevents Cross-

without increasing quality with hydraulic segregation contamination; matches

risk water quality to fit-for-
purpose use
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L “purple pipe” indicates pressurised reclaimed-water mains conveying Tertiary-treated Sewage Effluent (TSE)

for non-potable uses; they are colour-coded purple to distinguish them from potable networks and are

hydraulically isolated with backflow-prevention devices.

Feedback (23) Online sensing of residual disinfectant, | Ensures real-time quality
turbidity,  conductivity, microbiological | verification before
proxies integrated with SCADA distribution

Prior Action (10) Install polishing units and local storage atf Guarantees water quality

demand nodes

before peak use; reduces risk

from upstream variations

1B — Expand TSE coverage

without increasing energy

Resource Utilisation (25)

Recover biogas from WWTPs, reuse]

existing corridors and tanks

Offsets energy needs; avoids

new high-energy pumping

uptake without degrading

service reliability

consumption infrastructure
Merging (5) Co-locate TSE trunk mains with district{ Shares pumping and
cooling corridors trenching costs, reducing
total energy footprint
1C — Expand TSE coverage | Merging (5) Integrate operational measures with| One unified framework
without increasing governance tools (tariffs, incentives, SLAs) | instead of multiple disjointed
operational complexity systems
Feedback (23) Digital twin + SCADA for centralised,| Simplifies decision-making;
automated control reduces manual interventions
Contradiction nr 2
2A — Increase customer Prior Action (10) On-site polishing before delivery Visibly ensures safety at]
uptake without degrading point of use
perceived safety Feedback (23) Public dashboards of quality data Builds  trust  through|
transparency
2B — Increase customer Segmentation (1) Local storage to buffer peaks; routing] Maintains pressure and

flexibility between districts

supply even during high

demand

through incentives without

lowering standards

Predictive ~ Scheduling | Model-predictive control based on demand Ensures water availability
(extension  of  Prior forecasts during seasonal or diurnal
Action) peaks

2C - Increase uptake | Merging (5) Pair infrastructure expansion with tariffs| Encourages adoption while

connection incentives, SLAs

maintaining contractual

quality guarantees

Table 1: Resolution of the two TRIZ contradictions (TSE example).

Despite these benefits, challenges remain: substantial capital investment for purple networks, public acceptance issues in

specific end-uses, and the need to harmonise standards and monitoring across jurisdictions. Addressing these will require
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sustained stakeholder engagement, transparent quality dashboards, and ongoing refinement of regulatory frameworks.
This example shows how a systematic innovation approach, combining TRIZ principles with digital-twin-enabled
controls and policy design, can enable high-impact reuse at city scale. As in the desalination case, such structured results
could be achieved even by non-experts in the specific domain, within brief TRIZ working sessions and with a small,
multidisciplinary team, keeping innovation timelines and costs predictable and sustainable.

6. Discussion: Extending the Approach to Other Sectors

While we have framed Systematic Innovation in the context of water infrastructures, the methodology is universal.
Systematic Innovation techniques were originally developed by analyzing inventions across all fields of engineering,
from aerospace to electronics. Thus, the principles we applied in water systems can readily transfer to other domains.

The central mindset is to treat trade-offs as hypotheses to overcome, by crafting solutions that resolve their contradictions.
For example, the contradiction “increase energy storage capacity without adding weight” in the battery sector can be
tackled with the same TRIZ toolkit as “increase water flow without adding pressure” in pipelines. In fact, this was
demonstrated in the energy sector with innovations like multi-functional engine components and dynamic facades for
energy-efficient buildings [11].

In practice, many industries have already embraced systematic innovation. Manufacturing companies have used TRIZ to
redesign products for higher quality and lower cost simultaneously, something that traditional trade-off thinking could
not achieve.

Business processes and organizational challenges can also be addressed; the structured elimination of contradictions
applies to resolving conflicts like improving customer service and reducing operational cost, etc. [17]. The approach is
being taught and implemented in sectors as diverse as healthcare (for medical device innovation), software engineering
(for inventive algorithms), and Automated Driving Systems design (ADS).

Systematic innovation is not a substitute for human creativity but a means to channel it more effectively, providing an
“innovation roadmap” that shortens the trial-and-error cycle.

Organizations looking to adopt this approach should train their teams in these methodologies and possibly establish
dedicated innovation units. Some global companies have institutionalized innovation leadership, e.g. by appointing Chief
Innovation Officers, and embedded TRIZ and related methods into their stage-gate systems; for example, Samsung
Electronics Co. introduced TRIZ in 1998 and has maintained it as a core of its innovation process to the present day, an
unusually durable adoption in a field where methods often change [18].

For the Middle East’s infrastructure sector, institutionalizing systematic innovation could become a competitive
advantage, enabling local engineers and researchers to consistently develop home-grown solutions tailored to their unique
challenges.

In summary, the proposed methodology is applicable across many different sectors: while water systems stand to gain
significantly given the urgency of their challenges, any field facing complex problems can apply systematic innovation.
By embedding a culture of structured creativity, organisations can make innovation a continuous and strategic process

rather than an occasional effort, thereby amplifying the return on investing in such capabilities.

7. Conclusion

Innovation in critical infrastructure, such as water systems, is far too important to leave to chance. This paper has presented
a comprehensive approach to make innovation systematic, using TRIZ and similar methods to inject scientific rigor into
the creative process.
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ocusing on water infrastructure needs, especially in the Middle East, we demonstrated how defining problems carefully,
challenging contradictions, and applying inventive principles can yield solutions that break conventional trade-offs. The
case studies of hybrid desalination and Treated Sewage Effluent (TSE) reuse exemplify measurable gains in efficiency
and sustainability achieved through this approach.

The key to these successes is the structured methodology: a logical, algorithmic, and repeatable process that, starting from
systematic problem analysis, guided ideation, and thorough evaluation, scientifically leads companies toward innovative
solutions and quickly enables them to visualise the technological roadmap they will face in the near future.

Crucially, while our examples centered on water, the methodology’s principles are universal. By embracing systematic
innovation, organizations in any sector can enhance their creative output, and turn abstract ideas into more reliable and
concrete improvements.

Adopting a systematic innovation framework not only produces better solutions today but also builds an enduring
capability to tackle tomorrow’s challenges. In a world of accelerating change, such a capability is perhaps the ultimate
competitive advantage, ensuring that innovation becomes a continuous, managed process driving progress in water
infrastructure and beyond.
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Abstract

The Royal Commission for Yanbu (RCY) has developed a robust digital backbone to transform Yanbu Industrial City into
a model smart city under Saudi Arabia’s Vision 2030. This paper examines how RCY integrates telecom infrastructure,
IoT networks, and digital twin technology through its Intelligent Operations Center (IOC) to deliver real-time, cross-
sector urban management.

Three flagship use cases - Smart Manhole Covers, Smart Streetlights, and an Intelligent Traffic System (ITS) - are
presented to illustrate the practical deployment of this integrated framework. Each case demonstrates how the IOC enables
operational visibility, predictive maintenance, and optimized asset performance. Technologies deployed include multi-
sensor arrays, Al-driven analytics, and interoperability standards such as TALQ, Zhaga, and ISO 37122.

The paper also explores governance, cybersecurity, and interoperability enablers that ensure the system’s scalability and
resilience. Results show tangible improvements, including reduced emergency response times, significant energy savings,
enhanced safety, and improved asset lifecycle management. Lessons learned highlight the importance of early stakeholder
engagement, agile implementation strategies, and sustained public—private partnerships.

The RCY model offers a replicable, scalable framework for emerging and industrial cities worldwide seeking to transition
from reactive operations to predictive, data-driven urban management.
Keywords: Digital Twin, Smart City, Intelligent Operation Center (IOC).

1 Introduction

The global momentum toward smart, resilient, and sustainable cities is accelerating. For infrastructure-intensive urban
centers like Yanbu Industrial City, the future lies in the convergence of digital technologies and physical assets. The Royal
Commission for Yanbu (RCY) has adopted a forward-looking Smart City vision that leverages digital twinning to
optimize the performance, availability, and responsiveness of its urban infrastructure. Central to this transformation is a
robust digital backbone - telecom and data infrastructure capable of connecting, sensing, and acting across a city-wide
portfolio of critical assets.

RC Yanbu is strategically located along the Red Sea coast, serving as a major industrial and logistics hub. Its
transformation is part of the broader Kingdom of Saudi Arabia’s Vision 2030, which emphasizes digital transformation,
economic diversification, and environmental sustainability. RC Yanbu'’s strategic investments in intelligent infrastructure
and digital twinning aim to enhance urban livability, attract high-value investments, and improve the efficiency and quality
of public services in line with these national goals. As shown in Figure 1, the city's geographic footprint and digital
ambition are visually interlinked laying the groundwork for its smart city evolution.
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2 Digital Backbone of a Smart City
A truly intelligent city relies on a robust digital backbone - an integrated architecture that connects data-generating assets
with decision-making systems via high-speed, secure, and interoperable infrastructure.

2.1 Infrastructure Layers
At RC Yanbu, the digital backbone comprises multiple physical and digital infrastructure layers working in unison:

Device Layer: Smart infrastructure systems including smart manholes, streetlights, ITS, smart buses,
environmental sensors, and utility meters—fitted with sensors and communication modules.

Network Layer: High-speed transmission through fibre optics, 5G, NB-IoT, and LoRaWAN, enabling low-
latency, reliable connectivity across the city grid.

Platform Layer: Huawei’s Agile IoT Platform and eSight+NMS function as the integration layer for data
aggregation, device management, and analytics.

Data & Compute Layer: Cloud and edge data centers process large volumes of data for real-time decision-
making, Al model training, and historical analysis.

Service Layer: Dashboards, alert systems, and simulation engines deliver actionable insights to city operators
and planners through the Intelligent Operation Center (IOC).

2.2 Functional Capabilities
These components collectively support real-time monitoring, predictive analytics, and intelligent control across sectors

such as utilities, buildings, mobility, and public safety. This integrated framework is illustrated in Figure 2 for a depiction
of RCY’s Smart City digital infrastructure layers.

This architecture supports the core capabilities of a digitally enabled city, including:

Real-Time Monitoring & Control: Live dashboards visualize operational status across sectors—transport,
lighting, environment, and utilities.

Predictive Maintenance & Advanced Analytics: Data from field devices is ingested and analysed through
Huawei’s smart city platform using rule-based logic, configurable alerts, and trend analytics. This supports
failure prediction, asset condition tracking, and scenario modelling, forming the basis for future Al integration.
Inter-Agency Collaboration: Unified data access and open APIs facilitate communication and coordination
between departments such as emergency response, planning, and asset management.
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These capabilities ensure that RC Yanbu functions not only as a digitally connected city but as an intelligent, responsive,
and sustainable urban ecosystem.

The foundation of RCY’s smart city transformation lies in its digital backbone architecture. Figures 2a and 2b depict the

layered infrastructure and service stack - ranging from fibre-optic connectivity and loT gateways to Advanced analytics
platforms and cross-domain digital twin integration.
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Figure 2a: RC Yanbu Digital Backbone Architecture for Smart City Enablement - Functional View.
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3 Integrated Command & Control Architecture - The IOC
The Intelligent Operation Center (I0C) is the strategic brain and central nervous system of RC Yanbu’s Smart City

Devices Heavy Vehicle Lighting Control Smart Infrastructure  Smart Waste City Performance
transformation. Designed as a unified platform to enable holistic management of city systems, the IOC integrates data
across verticals - mobility, environment, safety, infrastructure, and utilities into a dynamic, real-time decision-making

Figure 2b: RC Yanbu Smart City ICT Stack - From Field Devices to Service Delivery.

environment.
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RC Yanbu’s IOC is a hybrid cloud-based, cross-agency platform combining powerful ICT infrastructure with Al, [oT,
and Big Data analytics. It provides:

= Real-time operational monitoring of all city systems.

=  Predictive analytics and digital twinning for infrastructure health and urban planning.

* Linked emergency response and collaborative command across departments.

= Unified interface for infrastructure lifecycle management and citizen engagement.

3.1 Integration of Smart Systems with the IOC
Key smart infrastructure systems - such as Smart Manhole Covers, Smart Streetlight Poles, and the Intelligent Traffic
System (ITS) - are seamlessly integrated into the IOC architecture. These systems continuously transmit operational
data such as environmental conditions, asset status, and anomalies to the command center. This allows real-time
visualization, monitoring, and response from centralized dashboards. Such integration ensures optimal coordination,
predictive maintenance, and operational efficiency across the city’s critical infrastructure systems (see Figure 3).

3.2 Key Functions of the IOC:
1. Citywide Data Aggregation & Visualization
= Aggregates real-time feeds from over 2,000+ sensors and smart devices, including ITS, smart manholes,
lighting, meters, poles, school buses, and CCTV.
=  Provides city managers with large-screen dashboards that offer a comprehensive view of daily operations
and anomalies.

2. Al-Driven Risk Detection and Response
=  Neural network engines process high-frequency data to detect abnormalities and trigger alerts.
= Linked systems enable automatic dispatch of resources and inter-agency collaboration to mitigate incidents
quickly.
3. Integrated Services and Sectoral Systems
= The IOC is connected to RCY’s asset management, HR, finance, healthcare, and emergency systems,
creating a digital twin of city operations.
= Enables integration of intelligent systems such as smart traffic, lighting, school buses, waste, utilities, and
incident command into a centralized control framework.

4. Planning, Simulation & Forecasting
=  Supports smart urban planning through digital simulations of energy use, traffic flow, waste accumulation,
and public safety scenarios.
= Offers decision-makers tools to assess policy impacts and investment outcomes across interconnected city
services.

5. Citizen-Focused Smart Services
= Offers personalized alerts, mobile dashboards, and smart kiosk integration to increase engagement and
accessibility for residents.

3.3 Architectural Features:
e Open APIs ensure full interoperability and integration with third-party applications and future-proof scalability.
e Data Federation from distributed departments enables unified views without breaching data privacy or
sovereignty.
e Resilience Architecture with failover systems, cybersecurity layers (ISO 27001, NCA-aligned), and backup
protocols guarantees 99.99% uptime.

3.4 Real-World Results:
e Average incident response time reduced to under 5 minutes.
e Lighting energy savings of up to 30%, road maintenance cost reduction by 20%
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e Enhanced inter-agency communication and resource optimization.
e Use cases such as Smart Manholes, Smart Streetlights, and ITS directly feed into and benefit from 10C
integration.

Figure 3 illustrates the design of the Intelligent Operation Center (IOC), where multisectoral data streams converge. This
real-time command-and-control environment enables incident response, asset condition monitoring, and predictive
analytics across Yanbu’s urban systems.
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Figure 3: RCY Intelligent Operation Center - Architecture Integrating Smart Systems and Digital Twin Data Streams
4 Use Case 1: Smart Manholes

4.1 Overview

Smart Manholes deployed in RC Yanbu are fitted with [oT-enabled sensors that monitor underground infrastructure
condition in real-time. These systems enhance safety, improve response times, and provide data visibility into otherwise
inaccessible infrastructure. The integration of real-time sensor data into the digital twin and IOC platform is illustrated in
Figure 4 - showing a schematic of smart manhole sensor integration and alert workflows. Sensors include gas detectors
(e.g., H2S, CHa), tilt sensors, and water ingress alarms, typically connected via NB-IoT for energy-efficient long-range
transmission.

The smart manhole system leverages intelligent access cover technology such as Hugslock’s iNTACT platform, which
features:

= Remote locking & access control.

= Embedded gas, heat, and motion sensors.

= Real-time alerts and health monitoring.

= Integration with CCTV and incident response systems.

=  Elimination of manual inspection through centralized dashboards.

This enhances both security and operational efficiency, particularly in high-risk areas such as utility vaults, telecom
chambers, and transportation corridors.

4.2 Technology and System Components
=  Multi-sensor units - toxic gas detection (such as H,S, CHy), flooding / water ingress sensors, structural
movement or vibration detectors, and unauthorized access attempts.
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=  Communication and network-connected via LoORaWAN or NB-IoT modules.
=  (Cloud-based data dashboard.

4.3 Functional Capabilities
= Real-time alerts for unauthorized access, flooding, or hazardous gas levels (Tamper alerts and response
automation).
= Condition-based maintenance triggers (Predictive maintenance and early failure detection).
= Data logging for asset health scoring (Integration with GIS and network mapping).

4.4 Integration with IOC and Digital Twin
Real-time alerts and device health are streamed to the IOC and overlaid on the digital twin to drive condition-based work
orders and inspection routing.
4.5 Key Benefits
= Reduces risk of gas exposure or flooding.
= 40% reduction in unplanned maintenance
=  Minimizes unplanned service disruption.
= Increased safety for confined space workers

4.6 Challenges Encountered
=  Battery longevity and underground signal stability.
= Physical durability and tamper-proof design.

4.7 Lessons Learned / Strategic Value
RCY phased deployments across high-risk zones and established a remote diagnostics framework.

As visualized in Figure 4, smart manhole covers in RCY are embedded with sensors to detect gas levels, unauthorized

access (via tilt detection), and temperature anomalies. These data points are relayed in real-time to the I0C, enabling
rapid alerts and automated maintenance scheduling.
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loT Network
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Figure 4: Smart Manhole Cover System in RC Yanbu: Sensor Architecture, Data Flow, and Integration.
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5 Use Case 2: Smart Poles

5.1 Overview

The Smart Pole system in RC Yanbu serves as a multi-service urban hub, integrating communications, public services,
and environmental monitoring into a single, modular platform. More than a lighting fixture, the Smart Pole is a strategic
digital asset - equipped to host multiple services that enhance connectivity, safety, and operational efficiency.

Figure 5 illustrates how RC Yanbu’s Smart Pole connects to the digital twin platform and Intelligent Operation Center
(I0C), enabling remote monitoring, data analysis, and predictive maintenance. The modular design ensures compliance
with Zhaga and TALQ standards for interoperability, allowing flexible integration of new services as city needs evolve.

Key integrated services include:
e  Public Wi-Fi hotspots and/or 5G small-cell connectivity.
e CCTV cameras with real-time analytics via IOC.
e  Environmental monitoring (temperature, humidity, air quality, noise levels).
o EV charging stations for electric vehicles.
e Digital information displays for public messaging.
e Emergency call buttons for public safety assistance.

These multi-capability poles are strategically deployed in high-traffic zones to improve connectivity, public safety, and
environmental monitoring while serving as key data points for the city’s digital twin.

5.2 Technology and System Components
*  Modular pole design with dedicated mounting bays for each device.
= Integrated Central Management System (CMS) for unified control and reporting.
= Edge computing module for local analytics (e.g., video processing, sensor fusion).
= Structured internal cable and power distribution with surge protection.
= Optional UPS and solar integration for backup power.
= [P-rated enclosures for harsh environmental conditions.

5.3 Functional Capabilities
= Centralized monitoring of all connected modules via CMS.
= Real-time data transmission to IOC for integration with other city systems.
=  Remote diagnostics and fault detection.
=  Predictive maintenance scheduling based on asset health data.
=  On-demand software updates for connected modules.

5.4 Integration with IOC and Digital Twin

The Smart Pole streams multi-source data into the digital twin environment, allowing the IOC to visualize device health,
environmental conditions, and service status. The digital twin enables simulation of load, connectivity performance, and
fault impact analysis.

5.5 Key Benefits
=  Enhanced public safety through integrated surveillance and emergency services.
= Improved urban connectivity for residents and businesses.
=  Reduced operational costs via predictive maintenance.
»  Flexible, future-proof platform that can adopt emerging urban services.

5.6 Challenges Encountered
*  Ensuring interoperability across multi-vendor modules.
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=  Managing power load across diverse services on a single pole.
=  Maintaining consistent network uptime for mission-critical services.

5.7 Lessons Learned / Strategic Value
Early stakeholder involvement, particularly with telecom operators, ensured smooth deployment of connectivity services.
Standardized mounting and wiring simplified vendor integration and reduced installation time.

RCY’s Smart Pole infrastructure, shown in Figure 5, serves as a cornerstone of its connected city strategy, combining
surveillance, connectivity, environmental sensing, and public services in one integrated urban asset.
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Figure 5: Smart Pole System in RC Yanbu — Multi-Service Integration and IOC Connectivity.

6 Use Case 3: Smart Streetlights

6.1 Overview

RC Yanbu’s Smart Streetlighting network transforms conventional lighting into an intelligent, centrally managed urban
asset. The system is built around RTU200 streetlight controllers integrated with the IOC and digital twin platform,
enabling real-time monitoring, adaptive lighting control, and predictive maintenance. The system enhances energy
efficiency, safety, and sustainability by transforming traditional lighting into intelligent, sensor-enabled infrastructure.

Unlike conventional lighting, RCY’s streetlights are lighting-centric but sensor-enabled, focusing on adaptive
illumination, energy metering, and localized environmental sensing - while multi-service functions are delivered by
separate Smart Poles (Section 5).

Key integrated functions include:
= Real-time remote lighting control (on/off, dimming, and adaptive scheduling) via RTU200 units.
=  Automated fault detection and alerts transmitted directly to the IOC.
= Centralized event-based activation, allowing rapid lighting adjustments during emergencies or events.
=  Energy metering for consumption monitoring and performance analytics.
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= Multi-protocol communication (DALI, Zigbee, PLC) with redundant power backup.

6.2 Technology and System Components
= LED fixtures with high-efficiency drivers.
=  RTU200 streetlight controllers for two-way communication with the IOC.
=  Motion and ambient light sensors for dynamic dimming.
= Mesh or cellular network connectivity with secure data encryption.
= Integrated energy meters for accurate usage tracking.

6.3 Functional Capabilities

= Adaptive lighting based on pedestrian/vehicle movement and ambient light.

= Centralized scheduling with real-time overrides.

=  Automated reporting of lamp and driver health.

= Energy efficiency optimization via analytics from the digital twin.
6.4 Integration with IOC and Digital Twin
The IOC visualizes streetlight performance in real-time, enabling city-wide adjustment and predictive maintenance
planning. Fault data and energy usage feed directly into the RC Yanbu Smart City digital twin, ensuring timely
replacements and energy-saving strategies.

6.5 Key Benefits
=  Up to 85% energy savings through adaptive dimming and scheduling.
= Reduced downtime with automated fault alerts.
=  Enhanced safety with instant light level adjustments in incident zones.

6.6 Challenges Encountered
=  Standardizing communication protocols for interoperability.
= Achieving full coverage in areas with existing legacy lighting systems.

6.7 Lessons Learned / Strategic Value
Leveraging predictive analytics for component lifespan forecasting has allowed RC Yanbu to optimize replacement
planning, reducing unplanned outages and costs.
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Figure 6: Smart Streetlight System in RC Yanbu - RTU200 Integration with Digital Twin and IOC.
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7 Use Case 4: Intelligent Traffic System (ITS)

7.1 Overview

RC Yanbu’s Intelligent Traffic System (ITS) combines SCATS 6 adaptive signal control with Tyco Eclipse intersection
controllers to manage traffic dynamically. Detectors (inductive loops, radar, and video analytics) provide real-time
volumes and occupancy, enabling SCATS to adjust splits, cycle times, and offsets across coordinated corridors. The ITS
is fully integrated with the IOC and the mobility layer of the digital twin for live monitoring, incident response, and
network-wide optimization (see Figure 7).

7.2 Technology and System Components
= SCATS 6 adaptive traffic management software for dynamic, demand-responsive signal control.
= Tyco Eclipse controllers at intersections for local execution of adaptive signal plans.
= Vehicle detection systems (inductive loops, radar, and video analytics) feeding live traffic data to SCATS.
= IOC integration for centralized monitoring, trend analysis, and remote updates.
= Controller firmware and time-of-day plans are updated remotely via secure IOC links.

7.3 Functional Capabilities
*  Dynamic adjustment of green time allocation to reduce intersection delays.
= Network-wide coordination of traffic signals for smoother flow.
= Real-time congestion alerts and incident detection.
=  Historical traffic data storage for planning and optimization.
=  Historical runs feed plan performance analytics (delay, stops, throughput) to inform retiming.

7.4 Integration with IOC and Digital Twin

Traffic signal and flow data from SCATS are streamed to the IOC, which also feeds the digital twin’s mobility layer.
This enables simulation of network changes, predictive congestion modelling, and evaluation of infrastructure upgrades
before implementation.

7.5 Key Benefits
= Reduced average travel times and improved intersection throughput.
*  Enhanced safety with real-time detection of abnormal traffic patterns.
= Lower vehicle emissions through reduced idling.

7.6 Challenges Encountered
=  Calibration of detection equipment to local traffic patterns.
= Coordination between multiple jurisdictions for cross-boundary routes.

7.7 Lessons Learned / Strategic Value
Combining SCATS with IOC oversight has proven effective in maintaining optimal performance and building a scalable
platform for future Al-assisted traffic prediction.
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8 [Enablers: Interoperability, Security & Governance
Building a resilient digital backbone requires more than just infrastructure; it demands an enabling environment of
standards, policies, and partnerships. RCY has adopted a multi-layered digital strategy with the following core enablers:

Data Governance and Standardization: RCY ensures that all data captured and exchanged within the Smart
City ecosystem adheres to global standards such as ISO 55000 (Asset Management), ISO 37120/22 (Smart City
KPIs), and ISO 27001 (Information Security). A central data catalogue governs metadata, ownership, and access
control.

Interoperability Framework: Through the use of open APIs, middleware platforms, and semantic ontologies,
RCY enables plug-and-play integration of heterogeneous systems. This supports scalable solutions from multiple
vendors and future integration of yet-to-be-developed technologies.

Cybersecurity Architecture: In alignment with the National Cybersecurity Authority (NCA) of Saudi Arabia
and ISO 27001, RCY implements layered security protocols - ranging from device-level authentication to
encrypted communication and Al-based threat detection.

Public—Private Partnerships (PPPs): RCY actively engages with telecom providers, solution developers, and
academic institutions to co-develop and co-maintain critical digital infrastructure.

Ethical considerations in AI-driven urban systems: As Al-driven systems are increasingly used in surveillance
and traffic prediction, RCY has embedded transparency, explainability, and bias mitigation into its digital
governance model to maintain citizen trust.

9 The Real Benefits of IOC Integration
The Intelligent Operation Center (IOC) has transformed RCY’s approach to asset management and urban operations. By
interconnecting assets, departments, and systems into a central digital platform, the IOC has delivered measurable benefits

across city operations. Emergency response times have improved to under 5 minutes, planning and development initiatives
are now synchronized across sectors, and data-driven decision-making is embedded in daily operations. Moreover, the
integration supports holistic asset lifecycle management, improving maintenance forecasting and operational efficiency.
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The I0C not only improves operational responsiveness but also establishes a foundation for evidence-based policy and
regulatory reform.

Operational Efficiency and Responsiveness:
= Emergency response times have improved to under S minutes, enabled by real-time incident alerts, geolocation
tracking, and coordination between security, health, and civil defense services.
* Maintenance and service teams are dispatched proactively based on sensor data, improving reliability and
reducing downtime across infrastructure systems.

Strategic Urban Planning and Lifecycle Management:
= The integration of planning, utilities, and mobility data has enabled synchronized development, avoiding
conflicts and redundancies in capital and O&M projects.
= Asset lifecycle management is now driven by predictive analytics, enhancing forecasting accuracy and
optimizing long-term value realization.

Evidence-Based Policy and Governance:
= The IOC provides real-time dashboards and historical insights that inform evidence-based policy decisions
across transport, utilities, public safety, and environmental management.
= [t has laid the foundation for smart regulation, where performance monitoring, compliance enforcement, and
citizen engagement are data-driven and adaptive.

Data Unification and Institutional Readiness:
= By breaking down data silos, the IOC promotes a culture of cross-departmental collaboration and
transparency.
= It has also accelerated the city’s transition to digital maturity, fostering institutional readiness for Al,
automation, and smart contracts.

The 10C is not merely a command-and-control center - it is the nerve center of a smart city ecosystem. It enables
connected governance, enhances public service delivery, and builds the strategic digital foundation for the integration
of Al and future autonomous systems.

10 Challenges and Lessons Learned
The transformation journey toward an intelligent, digitally enabled city was ambitious - and not without its obstacles.
Despite notable progress, RC Yanbu encountered several critical challenges during the rollout of its digital backbone.

Key barriers included:

*= Legacy system integration: Connecting outdated or siloed systems with modern digital infrastructure proved
complex and resource intensive.

* Data fragmentation: Inconsistent data standards and poor data interoperability across departments slowed early
analytics efforts.

= Digital skills gap: The organization had to address varying levels of digital literacy, especially within operations
and maintenance teams.

=  Cybersecurity demands: Ensuring end-to-end data protection, especially as more systems became IoT-
connected, required a significant uplift in security posture.

= Change management resistance: Cultural shifts and workflow disruptions demanded extensive internal
engagement to maintain stakeholder buy-in.

Despite these hurdles, RCY was able to overcome most of them through strong leadership, cross-functional collaboration,
and adaptive planning.
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10.1 Key Lessons Learned include:

RCY’s journey provides practical insights and lessons that can inform other cities and asset-intensive entities seeking to
undergo similar transformation. Key takeaways include:

= Early and Continuous Stakeholder Engagement: Cross-departmental alignment—especially across IT,
engineering, and O&M—was essential to harmonizing objectives and expectations from the start.

= Agile, Phased Deployment Strategy: Prioritizing pilot programs and quick wins helped build internal
momentum and validate technology investments before full-scale rollouts.

= Strategic Vendor Partnerships: Long-term collaboration with solution providers (beyond transactional
procurement contracts) ensured flexibility and access to evolving technologies.

= Building Internal Digital Capabilities: Upskilling staff through structured training and knowledge transfer
helped embed digital practices within day-to-day operations.

=  Governance and Policy Alignment: Institutionalizing digital governance and cybersecurity standards - aligned
with national frameworks like NCA and ISO 27001—was key to maintaining compliance and trust.

11 Conclusion and Future Outlook

The Royal Commission for Yanbu (RCY) has demonstrated that digital infrastructure and twinning are not theoretical
ambitions but practical enablers of intelligent urban operations. By integrating telecom systems, IoT networks, and data
analytics under a unified command structure, RCY has operationalized smart city principles in a manner that is scalable,
replicable, and impactful.

This paper has showcased three real-world use cases - Smart Manholes, Smart Streetlights, and Intelligent Traffic Systems
(ITS) - that exemplify how digital twinning transforms asset visibility, operational efficiency, and decision-making. These
systems collectively represent a shift where infrastructure becomes dynamic, responsive, and predictive.

Looking ahead, RCY is expanding its digital twin ecosystem to cover waste management, utility metering, urban planning,
and multi-modal transport systems. Planned investments in Al-driven analytics, citizen engagement platforms, and open-
data interoperability will further unlock value across the smart city landscape.

RCY’s journey illustrates that smart city success is not just about deploying advanced technologies - it is about cultivating
an ecosystem of governance, innovation, and institutional readiness. As cities worldwide pursue their own Vision 2030-
style agendas, the RCY model offers a high-impact reference for cities at various stages of digital maturity.

The future of smart assets and facilities lies in collaboration, continuous learning, and a shared commitment to safer,
smarter, and more sustainable urban environments. While RCY’s current platforms already leverage real-time data
streams and platform-driven automation, the integration of Al and machine learning remains a key strategic frontier. The
city’s digital infrastructure is fully primed to enable predictive analytics, autonomous operations, and real-time
optimization across all urban systems.

The digital backbone established by RC Yanbu presents a replicable model for smart city transformation, particularly for
emerging and industrial cities across the Gulf and beyond. By prioritizing integration, resilience, and real-time
intelligence, RCY's approach offers a robust framework for sustainable, scalable, and citizen-centric urban futures.

RC Yanbu is not just deploying technology - it is shaping the future of smart urbanism across the Gulf and beyond.
Figure 8 presents RC Yanbu’s multi-phase roadmap for smart city development, aligned with the Kingdom’s Vision 2030.

The roadmap spans foundational infrastructure, platform integration, Al-readiness, and citizen-facing services,
reinforcing RCY’s strategic progression.
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Abstract

The transition from traditional maintenance paradigms toward data-driven, intelligent
asset management is redefining the role of maintenance in industrial strategy. This
chapter introduces the digital shift in maintenance, positioning it as both a technological
evolution and an organizational transformation. Building upon the foundations laid
in Digital Maintenance Management (2022), it examines the accelerating convergence of
operational technology (OT) and information technology (IT), and how emerging
capabilities such as Al-driven diagnostics, digital twins, and cloud-edge architectures are
reshaping decision-making and performance optimization. The chapter identifies key
enablers—connectivity, standards, semantic interoperability, and governance
frameworks—that support the scalable deployment of digital maintenance solutions. It
also outlines persistent challenges including fragmented data ecosystems, skills gaps,
cybersecurity threats, and the difficulty of aligning condition data with long-term
investment decisions, the critical link between real-time condition monitoring and
strategic asset value management. This introductory chapter serves to frame the structure
of the book, offering a roadmap through the technological, organizational, and regulatory
forces currently shaping maintenance transformation. It advocates for a layered,
standards-based, and maturity-aligned approach to digitalization, recognizing that
successful transformation is as much about culture and capability as it is about tools. By
mapping key trends and tensions, the chapter sets the stage for deeper thematic analysis
in subsequent contributions.

Keywords: Digital maintenance transformation, Asset Performance Management
(APM), Asset Investment Planning (AIP), Digital twins, Industrial Internet of Things
(IToT), Maintenance standards and interoperability.

1. Introduction — Why Maintenance Is Undergoing a Digital Shift

Over the past two decades, maintenance has evolved from a cost-centered technical
activity into a strategic function within industrial organizations. This transformation was
first marked by the rise of operational reliability considerations when designing and
analyzing maintenance, the use of condition monitoring, and the integration of
maintenance into broader asset management systems. However, the current wave of
digitalization represents a more fundamental shift: a redefinition of how asset health, risk,
and value are assessed, managed, and optimized. It is not merely a question of adopting
new tools, but of restructuring the very logic of maintenance within a connected,
intelligent ecosystem.

In 2022 I published the book Digital Maintenance Management, (Crespo Marquez, 2022)
the idea was to lay a groundwork for understanding how digital technologies—from new
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EAM-APM-AIP platforms to Al based predictive analytics—were reshaping practices
and roles. Since then, this landscape has matured rapidly. Emerging technologies such as
digital twins, edge computing, and artificial intelligence (Al) are no longer confined to
pilot programs but are increasingly embedded in operational workflows. According to the
Digital Twin Consortium (2022), digital twins are being adopted as core components of
real-time diagnostics and simulation environments in asset-intensive sectors. At the same
time, global disruptions—supply chain volatility, climate imperatives, energy constraints,
and skills shortages—have forced organizations to reassess the resilience, agility, and
intelligence of their maintenance strategies. As highlighted by the World Economic
Forum (2023), these systemic pressures are accelerating digital transformation across
industries, with maintenance playing a pivotal role in operational resilience.

This chapter introduces the central thesis of the book: that digital maintenance is not an
optional innovation but a necessary evolution to ensure sustainable performance,
operational reliability, and value preservation in asset-intensive environments. It explores
how the digital shift is underpinned by multiple interrelated forces. First, technological
enablers (IloT, AI/ML algorithms, etc.) provide the capability to acquire, contextualize,
and act upon real-time data. Second, the growing importance of standards— uch as ISO
55000, IEC 81346 (IEC, 2022), RAMI 4.0, and ISO/IEC 42001 for Al governance
(ISO/IEC, 2023)—ensures consistency, interoperability, and scalability. Third, decision-
making is increasingly supported by integrated platforms that combine operational data
with long-term planning, exemplified by the rising adoption of Asset Investment Planning
(AIP) frameworks (Copperleaf Technologies, 2021).

Yet, the path toward digital maintenance excellence is neither linear nor uniform. Many
organizations face challenges of fragmented data, incompatible systems, cybersecurity
exposure, and workforce resistance or skill mismatches. Moreover, digital maturity varies
widely across sectors and geographies, making it essential to consider cultural,
organizational, and infrastructural readiness alongside technical capability. The Digital
Readiness Framework developed by GFMAM (2021) emphasizes that successful
transformation depends not only on technology, but also on leadership, governance, and
integration capacity.

Lastly, as Al plays a growing role in predictive maintenance and anomaly detection,
questions of transparency, classification, and responsible use become essential. The
OECD Framework for the Classification of Al Systems (OECD, 2021) provides valuable
guidelines to support ethical and traceable deployment of intelligent systems in industrial
settings.

This introductory chapter sets the stage for a deeper exploration of the technologies,
standards, case studies, and management approaches that define the digital maintenance
frontier. It offers a roadmap for practitioners, researchers, and policymakers to understand
not just what is changing, but why it matters—and Aow to respond strategically. The shift
toward digital maintenance is not just about doing maintenance differently—it is about
enabling organizations to think, decide, and adapt at a fundamentally new level of
intelligence.
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2. The Drivers of Digital Transformation in Maintenance

The digital transformation of maintenance is not an isolated phenomenon—it is the
outcome of converging technological, economic, and organizational forces that are
reshaping the way industrial assets are managed. While predictive maintenance and
condition monitoring laid the groundwork for smarter operations, the current wave of
innovation goes far beyond isolated technologies. It represents a systemic shift in how
data, systems, and decision-making interact to deliver reliability, performance, and long-
term value.

2.1 Technological Enablers: From Sensing to Intelligence

At the heart of digital maintenance lies the ability to capture, interpret, and act upon data.
The emergence of the Industrial Internet of Things (IloT) has enabled real-time data
acquisition at scale, allowing sensors, actuators, and smart components to feed continuous
streams of condition data into central systems. This has shifted the role of maintenance
from reactive to predictive, and increasingly toward prescriptive models where
interventions are optimized not only for technical risk but also for business impact.

Beyond connectivity, artificial intelligence (Al) and machine learning (ML) now play a
critical role in detecting anomalies, forecasting failures, and recommending actions.
These systems require large volumes of high-quality, contextualized data to generate
insights—a capability supported by digital architectures that integrate IT and OT layers,
including cloud-edge computing models and the use of asset data platforms.

Moreover, digital twins have become a cornerstone of advanced maintenance strategies.
According to the Digital Twin Consortium (2022), digital twins provide a synchronized
digital representation of a physical asset, enabling simulation, diagnostics, and
performance optimization. Their growing deployment reflects a broader push toward
model-based decision-making, where data is not only descriptive but actionable.

2.2 From Technical Standards to Semantic Interoperability

The scalability and reliability of digital maintenance systems depend heavily on the use
of shared standards. The ISO 55000 series has established a common vocabulary and set
of principles for asset management, including the alignment of maintenance activities
with value creation. Complementary standards such as ISO 14224 (reliability data), IEC
81346 (system structuring), and ISO 10303 (product data exchange—STEP) provide
foundational models for structuring, labeling, and exchanging asset information.

Recent frameworks such as RAMI 4.0 and the Industrial Internet Reference Architecture
(ITRA) have extended this foundation by describing how industrial systems should be
modeled and integrated across their lifecycle stages. They also provide templates for
layered digital architectures, connecting physical assets with logical representations,
business processes, and platform services. These architectures are particularly important
for ensuring interoperability across vendors and systems, and for enabling digital
continuity over time.

The emergence of the Asset Administration Shell (AAS) as a standardized data model in
Industrie 4.0 ecosystems reinforces this shift toward semantically interoperable and
machine-readable maintenance data. The AAS defines how asset-related information can
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be described, stored, and exchanged across the value chain, allowing for more flexible,
composable, and automated maintenance processes.

2.3 From Operational Constraints to Strategic Pressures

The push toward digital maintenance is also driven by macroeconomic and strategic
pressures. Organizations face growing demands for asset availability, operational
efficiency, cost control, and sustainability. In parallel, the complexity of asset portfolios
and the consequences of unplanned downtime are increasing. These pressures have made
it essential to move from reactive and time-based approaches to dynamic, data-informed
strategies.

Sustainability goals and regulatory frameworks—such as the EU Green Deal or global
ESG reporting standards—have further increased the focus on asset lifecycle
management. Maintenance is no longer a purely technical function; it is part of an
integrated strategy for extending asset life, reducing energy use, and minimizing
environmental impact.

Furthermore, the COVID-19 pandemic and subsequent global disruptions exposed the
vulnerabilities of traditional maintenance practices reliant on manual inspections and
rigid schedules. Organizations have accelerated digital adoption not just for efficiency,
but also for resilience and remote operability. As noted by the World Economic Forum
(2023), maintenance digitalization is now seen as a core enabler of industrial
transformation and competitiveness.

2.4 From Operational Optimization to Value-Driven Planning

The role of maintenance is increasingly shifting from operational support to strategic
value generation. This evolution is enabled by platforms that link asset health with
financial and risk-based planning. Asset Performance Management (APM) systems
incorporate condition data, failure models, and reliability analytics to prioritize
interventions and optimize maintenance plans. Meanwhile, Asset Investment Planning
(AIP) platforms add a long-term dimension, enabling organizations to evaluate trade-offs
between performance, risk, and cost over asset life cycles.

According to Copperleaf Technologies (2021), AIP systems help infrastructure managers
align investment decisions with business objectives, incorporating maintenance insights
into multi-year capital planning. This integration closes the loop between operational data
and enterprise strategy, reflecting the maturity levels described in the GFMAM Digital
Readiness Framework (GFMAM, 2021).

Ultimately, these capabilities support the transition from maintenance as a cost center to
maintenance as a value enabler. They empower organizations to manage their asset base
more intelligently, respond to uncertainty with agility, and drive transformation at both
technical and managerial levels.

3. The Landscape in 2022 — A Recap

When I published the book Digital Maintenance Management (Crespo Marquez, 2022)I
did an effort in conceptualizing the evolution of maintenance practices within the digital
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era. Central to that work was the idea that maintenance was no longer a reactive or merely
preventive activity—it was becoming connected, predictive, and more intelligent.

At the core of this shift was the integration of Enterprise Asset Management
(EAM) platforms  with Asset Performance Management (APM)tools. These
technologies, coupled with sensorization and early applications of machine learning,
offered unprecedented visibility into asset condition, enabling risk-informed decision-
making and optimized maintenance scheduling. The book outlined a transition from
traditional maintenance hierarchies toward data-driven ecosystems, where failure
prediction, remote diagnostics, and lifecycle strategies could converge.

However, by 2022, several structural limitations were still evident:

o Fragmentation of digital tools: Many implementations remained siloed, unable to

communicate across systems or scales.

o Low semantic interoperability: Standards existed but were inconsistently applied
or too generic to bridge operational layers.

o Immature organizational alignment: Most digital initiatives were still IT-led, with
little operational ownership or strategic governance.

e Unclear governance of Al and data ethics, especially in regulated environments.

o Pilot fatigue: Many initiatives stalled at proof-of-concept stage due to lack of
scalability or integration planning.

These gaps highlighted the need for a more integrated, scalable, and sustainable approach
to digital transformation in maintenance—one that is now taking shape through global
developments in technology, standards, and industrial policy.

4. Trends 2023-2025: What Has Evolved

Since 2022, several trends have gained momentum, reshaping the digital maintenance
landscape and addressing some of the limitations previously observed.

4.1 Maturity of Digital Twin Deployment

Digital twins, once confined to high-value, isolated assets, are now becoming part
of scaled infrastructure strategies. The emergence of standards like the Asset
Administration Shell (Platform Industrie 4.0, 2019) and taxonomy efforts by the Digital
Twin Consortium (2022) have enabled a more structured approach to modeling,
simulating, and orchestrating asset behavior across their lifecycle. These twins now link
real-time data with operational logic, enabling what-if simulations, condition-based
planning, and automated decision triggers.
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Figure 1. "Digital twins in condition-based maintenance apps: (taken from Crespo et al. 2023)

4.2 Al Governance and Ethical Deployment

The growing use of Al in maintenance—particularly for failure prediction, anomaly
detection, and resource optimization—has led to an urgent need for governance. The
publication of ISO/IEC 42001 (2023), the first standard for Al management systems,
marks a significant step toward ensuring transparency, accountability, and trust in
algorithmic maintenance systems. Ethical concerns such as model bias, explainability,
and workforce displacement are now on the radar of both regulators and industry bodies

(OECD, 2021).
- Risk Compliance IT Security
ponsibilites Al Owner Manager Officer Officer
1 | [}
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Processes |- A Design Risk & Compliance
& Developmen! Impact & Risk Control
Assessment )
[ |
Cantrols Ethics Policies Data Privacy ]
| 1
) |
tandard Al Management Cybersecurity
Stenderds System Standards

Al Governance Framework

Figure 2. Adapted governance cycle inspired by ISO/IEC 42001:2023 for Al systems in
maintenance.
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4.3 Real-Time Diagnostics and Cloud-to-Edge Integration

Recent studies confirm (Kelly, 2025) how edge computing is being able to transform real-
time data processing by bringing computation closer to data sources, thus minimizing
latency and enabling immediate response in critical sectors such as healthcare, industrial
automation, and smart cities. Its decentralized architecture supports localized analytics,
reducing reliance on centralized cloud infrastructure and improving both efficiency and
resilience.

Edge computing also offers a scalable solution to manage the surge of data from IoT
devices, overcoming the bandwidth and latency limitations of traditional cloud models.
Additionally, edge systems strengthen data security and privacy by processing sensitive
data locally. This is particularly importance in sectors like healthcare and finance.

Beyond operational benefits, the study highlights edge computing’s role in fostering
innovation and economic growth. It enables applications such as real-time traffic
optimization and predictive maintenance, reinforcing its value as a foundational
technology in digital transformation.

Slow

Cloud Data Storage and
Computing Processing
Platform ys

--------------------------------------- Feedback S EEEEEEEEEEE

Edge -

¢ A Data

Computing Prellmm.ary Loca[ Processing
Server Processing Processing

"

Infrastructure

SLAEh Event and Event and
and Equipment Status Data Status Data

Figure 3. The Edge and Cloud Computing Relationship (Kurduban, 2024)

Fast

The convergence of 5G connectivity, edge computing, and industrial IoT platforms has
enabled diagnostics at scale. Assets can now be monitored in near real time, even in
remote environments, allowing for autonomous fault detection and rapid response
coordination. Cloud-to-edge architectures are becoming standard, with distributed
intelligence enhancing system resilience and reducing latency.

4.4 Consolidation of EAM-APM-AIP Architecture

Perhaps the most strategic trend is the consolidation of Enterprise Asset Management
(EAM), Asset Performance Management (APM), and Asset Investment Planning
(AIP) capabilities into integrated platforms. Major software providers—such as SAP
(SAP, 2023), IBM (IBM, 2023), Siemens (Siemens Energy, 2022), and GE Digital
(2021)—have evolved their product ecosystems to support the full asset value chain.

e EAM continues to support operational and regulatory maintenance processes
(e.g., work orders, asset hierarchies, spare parts),
o APM delivers condition analytics, reliability models, and risk-informed planning,
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e AIP introduces multi-year investment optimization based on cost, risk, and
performance trade-offs (Copperleaf Technologies, 2021).

This architectural integration fosters closed-loop control: from sensor data to risk-based
maintenance, and from performance gaps to capital reallocation. It also enables scenario-
based planning and alignment with ESG and resilience objectives.

Maximo Application Suite delivers intuitive dashboards, automated workflows and predictive analytics

O n e S O lu 1: I O n fO r a l l in a single solution, to serve as a centralized operations hub for planning, operating and optimizing

your asset and facilities tasks that keep your business running.
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Figure 4. Maximo Application Suite offering “Features”: AEM, APM & AIP. Taken
22.05.2025 from https://www.ibm.com/products/maximo

4.5 Data Sovereignty and Secure Interoperability

As maintenance ecosystems extend beyond single organizations, data sovereignty—the
ability of data owners to control access, use, and governance—has become a critical
requirement in digital infrastructure. Traditional centralized models fall short when
handling multi-stakeholder operations that demand federated trust, such as in rail,
aviation, and energy maintenance networks (Cavoukian & Naudts, 2023).

Initiatives like Gaia-X and the International Data Spaces Association (IDSA) have
responded by establishing federated data-sharing frameworks that ensure technical
interoperability, enforceable policies, and sovereign control over information flows.
Gaia-X’s 2023 Compliance Document formalizes the governance conditions under which
services and platforms may participate in sovereign ecosystems, including identity
verification, access control, and secure data flows (Gaia-X Association, 2023).

In parallel, the IDS Dataspace Protocol v2024-1 introduces detailed guidance for
semantic compatibility, trust provisioning, and policy enforcement across distributed data
infrastructures. These frameworks emphasize the importance of data usage control,
whereby data providers can set and enforce conditions even after data has left their
immediate domain (IDSA, 2024).
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Figure 5. Federated Data Space Architecture for Sovereign and Interoperable Maintenance
Ecosystems

Diagram in Figure 5, shows how data sovereignty and interoperability are supported
through a federated, standards-based model. This makes data sharing in maintenance
both secure and interoperable. Elements of this model are:

Benefit Description

Asset owners retain legal & technical control over how their data
is used

Credentials, compliance labels, and real-time policy checking
enable trust in shared ecosystems

Use of ontologies and shared schemas ensures that data retains
meaning when exchanged

Scalable Architecture The federation allows expansion without centralized bottlenecks

Sovereign Control

Secure Federation

Semantic Consistency

An illustrative initiative in this domain is Manufacturing-X, developed under the auspices
of Platform Industrie 4.0, which places data sovereignty and interoperability at the core
of future industrial architectures. Through its reference use cases—many of which
address digital maintenance scenarios—Manufacturing-X showcases the increasing
implementation of decentralized and federated data infrastructures to support real-world
applications (Platform Industrie 4.0, 2024). These developments reflect a broader shift
toward architectures that enable controlled, cross-enterprise data exchange in complex
industrial ecosystems.
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In parallel, international institutions such as the World Economic Forum have
emphasized that embedding trust and sovereignty into digital infrastructure is a
prerequisite for viable public-private data collaboration and long-term regulatory
alignment (World Economic Forum, 2024). As industrial organizations progressively
depend on shared maintenance platforms, the convergence of technical standards,
semantic consistency, and enforceable governance frameworks becomes essential for
achieving reliable and scalable interoperability.

A critical enabler of this interoperability is the advancement of shared ontologies and
metadata schemas that enable the semantic interpretation of data across heterogeneous
systems. For instance, Oliveira et al. (2024) introduce an ontology-based framework to
support legal and semantic interoperability within international data spaces, addressing a
key gap between operational needs and regulatory requirements. Similarly, Hodkiewicz
et al. (2022) argue that semantic interoperability is foundational for effective cross-
organizational data integration. Their interesting work maps ISO 14224 maintenance data
structures onto industrial knowledge graphs, enabling automated reasoning, improved
data consistency, and decision support across digital twins and asset management
platforms. This aligns with the goals of the Gaia-X and IDS initiatives by providing a
structured and machine-readable foundation for federated sovereign data exchange.

In domains characterized by complex multi-stakeholder coordination—such as rail,
aviation, and energy networks—these distributed and policy-enforced architectures
provide resilience, maintain compliance with regulatory frameworks, and enable real-
time, cross-organizational decision-making.

In conclusion, the architectural integration proposed by Gaia-X and IDS, underpinned by
continuous governance, certification mechanisms, and semantic harmonization,
constitutes a foundational step toward transforming maintenance ecosystems into secure,
interoperable, and sovereign digital platforms capable of supporting scalable
collaboration and innovation.

4.5 Evolving Standards and Regulatory Alignment

As digital maintenance systems grow more autonomous, connected, and data-driven, the
regulatory and standardization landscape is undergoing a necessary evolution. This
transformation is not only about creating new standards, but also about aligning existing
frameworks to ensure semantic coherence, governance compatibility, and scalability.

Recent years have seen the publication of new normative references designed to address
emerging needs in artificial intelligence, cybersecurity, and interoperability:

e ISO/IEC 42001 (2023) introduces the first formal requirements for Al management
systems, covering algorithmic transparency, bias mitigation, and auditability in
critical domains such as predictive maintenance and anomaly detection.

e [EC 62443, now in its 2024 revised edition, expands its cybersecurity controls to
cover edge computing nodes, OT/IT convergence, and supply chain vulnerabilities,
making it directly applicable to industrial maintenance platforms operating in
federated or remote architectures.
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e [EC 62264 (Edition 5, 2023) strengthens the enterprise—control system integration
model, incorporating digital thread principles and updated mapping to ISA-95 Level
3/4 boundaries, which are essential for aligning condition monitoring systems with
enterprise asset management (EAM) and asset investment planning (AIP) platforms.

Simultaneously, implementation guidance for established standards is being refined:

e New technical specifications and application guides for ISO 55001 focus on the
integration of digital workflows and real-time asset data within asset management
systems.

e The ISO 14224 community is extending the standard to include machine-readable
schemas and compatibility with knowledge graph—based infrastructures, in line with
initiatives like Asset Administration Shells (AAS) and IDSA-compliant data spaces.

The result is a gradual but necessary shift from framework proliferation to
harmonization—a trend driven by the need to reduce fragmentation, improve
interoperability, and support scalable implementations across sectors. This evolution
supports organizations in deploying digital maintenance strategies that are not only
technologically advanced but also regulatory-compliant, certifiable, and auditable.

By 2025, these developments are converging toward a layered ecosystem of standards
where governance (ISO/IEC 42001), security (IEC 62443), semantic data exchange (ISO
14224 extensions), and operational integration (IEC 62264) can interoperate to support
secure, intelligent, and efficient maintenance operations across increasingly complex and
distributed infrastructures.

5. Persisting Barriers and Structural Misalignments

Despite the rapid development of technological enablers and the proliferation of digital
frameworks, significant challenges continue to constrain the full adoption of intelligent
maintenance practices. Chief among these is the fragmentation of asset data across siloed
systems, a legacy issue that resists harmonization despite the maturity of standards such
as ISO 14224 and IEC 81346. In many organizations, enterprise asset management
(EAM) platforms operate in isolation from condition monitoring tools, and even more so
from financial planning environments. This disconnect undermines the ability to
transition from predictive alerts to risk-informed investment decisions.

Another persistent limitation lies in the misalignment between digital ambitions and
organizational readiness. Digital maturity assessments consistently reveal gaps in data
governance, workforce capabilities, and change-management infrastructure. While
cloud-native platforms, edge architectures, and Al-based diagnostics have matured, their
integration into operational and decision-making processes remains uneven. Furthermore,
cybersecurity concerns and unclear data ownership protocols—especially in multi-
stakeholder environments such as rail and energy—compound the hesitation to move
towards open, interoperable ecosystems. Initiatives such as Gaia-X and the International
Data Spaces Association (IDSA) have responded to these challenges by proposing
federated, sovereign data infrastructures, but adoption remains incipient.

6. Strategic Enablers and the Need for Institutional Models
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Overcoming these limitations will require not only technological investment but also the
reconfiguration of maintenance governance. A key enabler lies in adopting layered,
standards-based architectures that provide a stable foundation for integration. Reference
models such as RAMI 4.0, IIRA, and the Asset Administration Shell (AAS) now
converge to offer a coherent structuring logic for intelligent asset systems. Their utility
extends beyond interoperability: they anchor governance and foster cross-domain
visibility.

The convergence of Asset Performance Management (APM) and Asset Investment
Planning (AIP) also deserves special attention. When real-time health data is
meaningfully linked to lifecycle cost projections, organizations can optimize asset
strategies under uncertainty. This synergy moves maintenance from a purely operational
function to a lever of financial performance and risk management. Such integration is
increasingly facilitated by software platforms that natively support the AEM—APM-AIP
logic—observable in market leaders like IBM, SAP, GE, and Copperleaf—suggesting an
industry-wide shift toward architectural coherence.

Additionally, the expansion of open, standards-based platforms offers an alternative to
proprietary vendor ecosystems. The Open Industry 4.0 Alliance and Digital Twin
Consortium have promoted blueprints that emphasize semantic consistency, federated
data access, and compliance-by-design. These ecosystems provide the scaffolding for
shared maintenance services and cross-enterprise intelligence, particularly in industrial
clusters and transportation corridors.

However, none of these technological trajectories will succeed without parallel
investment in human capabilities. The upskilling of technicians, engineers, and analysts
to work with data-driven tools is essential. Human-centric automation—where
diagnostics augment rather than replace expertise—must guide implementation. Leading
organizations increasingly embed change agents, digital champions, and cross-functional
task forces to support this transition.

7. Toward an Intelligent Maintenance Ecosystem
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Looking ahead to 2030, the horizon for maintenance is not merely digital—it is
intelligent, adaptive, and institutionalized. This vision demands a rethinking of asset
management as a socio-technical ecosystem, where data is not just an operational artifact
but a strategic asset. Holistic frameworks are needed to unify telemetry, simulation,
financial planning, and regulatory compliance. These frameworks will be embedded in
platforms that enable collaborative governance, traceability, and transparency.

Furthermore, data valorization will become a defining feature of the next phase.
Maintenance data will be increasingly monetized or leveraged beyond its original
operational context—whether to optimize supply chains, participate in data marketplaces,
or train large-scale AI models. Semantic standards and secure data spaces will provide
the conditions for this exchange, enabling maintenance organizations to capture value
from their informational assets.

Ultimately, this evolution requires institutional change. The establishment of Digital
Maintenance Centers of Excellence (DM-CoEs), cross-industry consortia, and embedded
research and development functions will become critical. These structures will ensure
that learning is codified, best practices are disseminated, and standards remain aligned
with emerging technological and regulatory landscapes.

8. Conclusion: Redefining Maintenance in a Digital Age

This chapter has offered a structured overview of the ongoing digital transformation in
maintenance, following a logical path from the foundations established in 2022 to the
most recent developments shaping the period 2023-2025. At the time of the previous
book, the focus was on the convergence of predictive maintenance with emerging
digital tools and the early stages of integration across EAM, APM, and AIP platforms.
That vision is now materializing in many industries, with increasing deployment of
digital twins, cloud-to-edge architectures, and platform-based approaches that embed
intelligence into maintenance ecosystems.However, the progress made so far also
highlights what remains unresolved. The consolidation of frameworks, the
harmonization of standards, and the operational integration of asset data into strategic
planning still face structural, organizational, and technological barriers. The promise of
data-driven maintenance is no longer questioned—but the capacity to scale, govern, and
extract value from that data across stakeholders is still a work in progress.

Throughout the chapter, we have emphasized that digital maintenance is not a collection
of technologies, but a new paradigm—one that redefines how maintenance is understood,
organized, and valued. Moving forward, the emphasis must shift from fragmented
experimentation to systemic alignment. This will require not only tools and architectures,
but new competencies, governance structures, and cross-functional strategies.

The road ahead points toward intelligent, collaborative, and sovereign maintenance
environments. Maintenance will no longer be reactive or even merely predictive—it will
be strategic, contextual, and embedded into the core of operational and financial decision-
making. This chapter sets the tone for the rest of this volume, where these themes will be
explored in depth through standards, technologies, applications, and emerging strategies.
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ABSTRACT

As infrastructures age and urban populations grow, maintaining structural integrity and operational efficiency has become
an increasingly pressing challenge. Traditional maintenance practices, often based on pre-defined theoretical plans, can
result in inefficient resource allocation, higher costs, and an increased risk of unforeseen failures. Digital Twin technology
provides a dynamic virtual representation of physical assets, enabling real-time simulations, condition-based forecasting,
and scenario analysis. When performance data is available (collected from integrated infrastructure monitoring), this
approach allows for continuous tracking of key indicators related to the structural service life of assets. This represents a
significant evolution in infrastructure management, supporting more informed and strategic decision-making. It enables
the adoption of a proactive maintenance approach, improving operational efficiency, reducing risks, and extending the
lifespan of urban infrastructure. The integration of maintenance strategies with Digital Twin technology also aligns with
sustainability principles by minimizing resource waste and reducing emissions associated with emergency corrective
interventions.

This paper proposes the integration of maintenance strategies with Digital Twin technology to enhance asset and facility
management in the Architecture, Engineering, Construction, and Operation (AECO) sector, contributing to the
advancement of building and infrastructure management and positions emerging technologies as essential tools for future-
ready cities. The study outlines implementation strategies, performance metrics, and scalability considerations applicable
to a wide range of infrastructure systems.

KEYWORDS

Maintenance, Digital twin, smart building management

1. INTRODUCTION

The rapid growth of urban populations and the resulting increase in infrastructure demand have intensified the challenges
of maintenance and asset management in the Architecture, Engineering, Construction, and Operations (AECO) sector [1].
As existing infrastructures age, ensuring structural integrity and operational efficiency has become a priority for both
public and private stakeholders [2,3,4]. Traditional maintenance methods, often based on theoretical plans or fixed
schedules, are limited in addressing complexity and unpredictability of asset lifecycles. This can lead to inefficient
resource allocation, high costs, and a higher risk of unplanned failures [5,6,7,8]. In this context, emerging technologies
offer new possibilities for transforming urban asset management. Among these, the Digital Twin stands out. It is defined
as a dynamic virtual representation of a physical asset, capable of reproducing its operating conditions in real time through
the integration of sensors data, computational models, and simulation algorithms. Unlike static models, Digital Twins
enable continuous monitoring of key performance indicators, forecasting based on real conditions, and degradation
analysis or failure scenarios [9,10]. The integration of maintenance strategies and Digital Twin technology represents a
significant advance in the AECO sector, enabling the transition from reactive practices to proactive and predictive
approaches. This translates into greater operational efficiency, risk mitigation, and extended asset lifespans. Moreover,
this integration aligns with sustainability principles by reducing resource waste and minimizing emissions associated with
emergency and corrective interventions [11,12,13].

This paper examines the opportunities and challenges of incorporating Digital Twins into maintenance processes,
discussing implementation strategies, performance metrics, and scalability possibilities. The aim is to contribute to the
advancement of asset management in the AECO sector, positioning the Digital Twin as a strategic tool for the development
of resilient and future-ready cities.
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2. FRAMEWORK

2.1 Maintenance

Asset maintenance is a critical component of infrastructure management, directly influencing reliability, safety, and
performance throughout the lifecycle. Traditionally, maintenance models fall into three main categories: corrective,
preventive, and predictive [14,15,16,17]. Corrective maintenance consists of repairing failures only after they occur.
Although straightforward, this approach carries high risks, as unexpected failures can generate significant costs and
compromise the safety of users and operations [15,18,19]. Preventive maintenance seeks to reduce the likelihood of
failures through scheduled inspections and interventions. Although this increases system reliability, it is not always
efficient, since it may result in unnecessary replacements and additional costs [16,20]. More recently, predictive
maintenance has gained prominence. Based on continuous asset monitoring it uses performance data to forecast failures
before they occur. This approach is particularly relevant when combined with digital technologies, smart sensors, and
real-time data analysis [15,16,21].

2.2 Digital Twin

The term Digital Twin was originally introduced in the context of the product lifecycle management, and later expanded
to multiple sectors, including manufacturing, healthcare, energy, and infrastructure. A Digital Twin is defined as a digital
replica of a physical system, continuously updated through the integration of data collected in real time [22]. Its main
characteristic is its dynamic nature: instead of representing a static model, it reflects the behaviour and actual state of the
asset over time. This bidirectional connection between the physical and virtual systems enables advanced simulations,
failure prediction, scenario analysis, and decision support [23]. In the AECO sector, Digital Twins are often associated
with Building Information Modelling (BIM), which provides the geometric and informational basis of assets. However
Digital Twins evolve beyond BIM by integrating real-time data from sensors and monitoring systems. This integration
enables a continuous cycle of information collection, analysis, and feedback, supporting intelligent infrastructure and
buildings management [24].

2.3 Integrating Maintenance and Digital Twin

The integration of maintenance strategies with Digital Twins is an iterative process as represented in Figure 1. The
adoption of Digital Twins in urban infrastructure maintenance has expanded in recent years, driven by the need to optimize
resources, reduce unexpected failures, and support sustainable practices. Combined with IoT sensors, they allow real-
time monitoring of critical parameters such as vibration, temperature, structural deformations, and energy consumption
[22,24]. Case studies highlight their application in bridges, highways, railways, and smart buildings. For example, Digital
Twins have been used to monitor the structural integrity of bridges in real time, enabling early interventions and extending
the infrastructure's lifespan. Similarly, in commercial buildings, they have been used to optimize HVAC and energy
systems, resulting in significant reductions in operating costs [23].

DATA

. COLLECTION \

FEEDBACK | DIGITAL TWIN MODEL |

1 !

MAINTENANCE ACTION KEY INDICATORS
(IMPLEMENTATON) (DECISION MAKING)
\ SIMULATION AND ,
FORECASTING

Figure 1 — Integrating maintenance and digital twin

Despite these advances, challenges remain for large scale adoption, namely: 1) interoperability between different platforms
and data standards; ii) high initial costs for implementing sensors, software, and digital infrastructure; and iii) the need
for professional training to interpret complex data and make informed decisions based on digital models. Nevertheless,
Digital Twins are expected to consolidate itself as a key technology in asset management, mainly due to its ability to
integrate maintenance, operation, and sustainability into a single digital ecosystem [22,23,24].
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3. METHODOLOGY

The proposed methodology follows an asset-centric, risk-oriented approach, supported by emerging digital technologies,
with emphasis on integrating maintenance strategies and Digital Twin modelling. This process is developed in progressive
stages, involving data collection, virtual model construction, scenario simulation, and decision-making support
[10,22,24]. At its core, the methodology establishes a continuous cycle of integration between the actual performance of

urban assets and their digital representation. This cycle consists of four steps (Fi

1.

REAL-TIME ASSET
MONITORING

ure 2).

2. 3. 4.

DYNAMIC UPDATING - SCENARIO SIMULATION ‘ FEEDBACK ON
OF THE DIGITAL TWIN AND PERFORMANCE MAINTENANCE POLICIES
WITH COLLECTED DATA PREDICTION BASED ON KEY INDICATORS

Figure 2 — Integration between the actual performance of urban assets and their digital twin

Through this approach, maintenance evolves from reactive or preventative to predictive and proactive, guided by digitally
identified evidence and risks [10,11,15]. Table 1 describes the steps for implementing and operationalizing the

methodology.

STEPS

DESCRIPTION

1. Data Collection
through Integrated
Monitoring

IoT (Internet of Things) sensors are installed on critical assets to collect data on
vibration, deformation, humidity, temperature, and structural load.

Drones and LiDAR are used for detailed inspections of hard-to-reach areas.

GIS (Geographic Information Systems) consolidate and georeferenced information.

2. Construction of the
Virtual Model (Digital
Twin)

Develop a BIM (Building Information Modelling) model.

Parameterization of models with engineering data, maintenance history, and registration
records.

Connection of models to dynamic databases that receive real-time updates.

3. Execution of
simulations and
performance prediction

Modelling of structural failure scenarios, degradation throughout the life cycle, and
exposure to natural disasters (floods, landslides, heat waves).

Application of Machine Learning algorithms for failure prediction and risk assessment.
o Assessment of direct (structural collapse) and indirect (interruption of essential
services) impacts.

4. Decision-making
based on key indicators

Definition of maintenance policies prioritized by asset criticality.
Optimized allocation of financial and human resources.
Adoption of mitigation and resilience strategies for high risks assets.

Table 1 — Methodology implementation and operationalization

Table 2 presents complementary tools and technologies, to be used by this methodological process.

TOOLS/TECHNOLOGIES

DESCRIPTION

IoT sensors

Devices embedded in assets for continuous collection of structural and environmental

data.

BIM models

Used to create detailed digital models of urban assets.

GIS systems

Spatial integration of data and identification of territorial vulnerabilities.

Data analysis platforms

Big Data and Machine Learning applied to failure prediction.

Cloud infrastructure

Storage and processing of large volumes of data in real time.

Table 2 — Tools and technologies

This structured methodology ensures a cyclical flow of monitoring, modelling, analysis, and decision-making, supported
by digital technologies and aimed at increasing the resilience of urban infrastructures to risks and natural disasters.
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4. IMPLEMENTATION STRATEGIES

The integration of maintenance strategies with Digital Twin technology requires a systematic approach that considers
technical, organizational, and strategic aspects. For feasibility in the AECO sector, a set of guidelines should be followed
[6,8]. The first step is the integration into existing operations and maintenance processes. This involves the following
steps [6,8,12]: 1) digital twins should be gradually incorporated into already established operations and maintenance
routines; ii) digital twins functions as an additional layer of intelligence, without immediately replacing conventional
practices, but complementing them with real-time monitoring, performance predictions, and risk analysis; and iii)
integration involves adjusting workflows so that data captured by sensors and digital models are translated into useful
operational information for decision-making. After that, phased adoption models are suggested, and can follow a
progressive process described in Table 3.

Regarding technical and organizational challenges, the large-scale adoption of Digital Twins for maintenance faces critical
barriers that need to be addressed, namely: 1) system interoperability (integration between BIM, GIS, IoT, and analytics
platforms still presents compatibility limitations and common standards need to be established); ii) workforce training
(operations and maintenance teams must acquire digital skills, including data interpretation, use of predictive platforms,
and interaction with digital models); and iii) high initial costs (sensors, digital platforms, and data infrastructure require
considerable investment and returns are expected in the medium term, the initial phase can be a hurdle for municipalities
with limited resources) [6,12].

STEPS DESCRIPTION
Pilot projects Initial application on critical or highly visible assets (e.g., a strategic bridge or a water
treatment plant).
Assessment of benefits in terms of cost, efficiency, and resilience.
Gradual scaling to different infrastructure types (transportation, energy, water
infrastructure systems, public buildings).
Integration with multiple platforms (BIM, GIS, IoT).
Methodology incorporation as a standard practice in urban maintenance plans.
— Structuring public-private partnerships to support large-scale adoption.

Table 3 — Phased adoption models

Controlled expansion

Full scalability

Depending on local contexts and technological maturity of cities, implementation can be conducted at three
complementary levels: i) technical-operational (sensor installation, algorithm development, and integration with BIM/GIS
models); ii) organizational (workflows adaptation, continuous team training, and creation of risk-based decision-making
centres); and iii) strategic and political (inclusion in public policies, urban regulations, and innovative financing
mechanisms) [8,12].

5. PERFORMANCE METRICS AND EXPECTED RESULTS

Defining performance metrics is essential to evaluate the effectiveness of integrating maintenance strategies with Digital
Twin technology. Key Performance Indicators (KPIs) are structured across four core dimensions (operational, economic,
sustainability, and resilience), incorporating both quantitative and qualitative criteria and are described in Table 4 [13,16].

METRICS DESCRIPTION

Operational efficiency — Mean Time Between Failures: Increase in the intervals between failures.

Asset Availability: Proportion of time infrastructure remains operational.

Emergency Response Time: Reduction in time between fault detection and repair.

Economic efficiency — Maintenance Cost Reduction: Comparison of corrective versus preventive maintenance
costs.

— Return on Investment: Financial return derived from Digital Twins application.

— Resource Optimization: Percentage savings in materials, and labour inputs.

Sustainability and — Emissions Reduction: Calculation of the CO: reduction generated by the prevention of

environment emergency works and the optimized use of resources.

— Extended Asset Lifecycle: Increase in the average durability of urban infrastructure,
reducing the need for frequent replacements.

— Contribution to global sustainability goals: Alignment with UN SDGs, focusing on
sustainable cities, climate action, and responsible consumption.
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Urban resilience and — Reduction in unexpected failures: Percentage reduction in unforeseen critical events.

social security — Recoverability: Time needed to restore functionality after disruptive events.

— Reliability of predictive models: Degree of accuracy of simulations compared to real
risk conditions.

Proposed KPIs 1. Maintenance cost reduction (percentage savings achieved compared with traditional
scenarios).

2. Reduction in unexpected failures (proportion of critical events avoided after
implementing the methodology).

3. Asset life extension (average number of years added to the infrastructure lifecycle).

4. Operational and energy efficiency (reduced energy consumption and higher
productivity of monitored assets).

5. Emissions reduction and alignment with sustainability goals (avoided emissions
metrics, CO2 equivalent, and contributions to environmental policies).

Table 4 — Performance metrics

Table 5 presents the expected results, according to the four dimensions described and according to the KPIs defined
[13,16].

RESULTS DESCRIPTION

Operational — Reduction in unexpected failures: 20-40% reduction in critical incidents is expected,

due to the predictive capabilities of digital simulations and real-time monitoring.

Increased operational efficiency: Critical assets, such as bridges, transportation systems,

and power grids, will be able to maintain availability rates above 95%.

— Energy efficiency: Continuous adjustments to asset performance should reduce
operational losses, resulting in estimated 10-15% energy savings.

Economic — Maintenance cost reduction: 20-30% savings in maintenance costs, as emergency
interventions, which are generally more expensive, are replaced by planned actions.

— Asset life extension: 5-10 years estimated average gain in the life cycle of strategic
infrastructure, postponing large investments in replacement or reconstruction.

— Return on investment (ROI): in the medium term (5 to 7 years), the initial costs of
implementing the technology are expected to be offset by reduced operating expenses.

Sustainability — Reduction in CO: emissions: 10-20% estimated emissions reduction related to avoided
emergency works and optimized material transportation.

— Reduced waste generation: due to increased efficiency in material use, with reduced
waste from fewer unplanned corrective interventions.

— Alignment with global sustainability goals: direct contribution to the Sustainable
Development Goals (SDGs), especially: SDG 9 (Industry, Innovation and
Infrastructure); SDG 11 (Sustainable Cities and Communities); and SDG 13 (Climate
Action).

Resilience — Greater public safety: reduced risk of structural collapse in essential assets.

— Continuity of essential services: reduced disruption time for transportation, water
supply, energy, and sanitation after disasters.

— Recoverability: expected to reduce average recovery time after extreme events by up to
30%, making cities better prepared to face natural disasters.

Table 5 — Expected results
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6. CONCLUSION

This paper has shown that integrating maintenance strategies with Digital Twin technology represents a
milestone in the evolution of asset management in the AECO sector. By transforming the way infrastructure is
monitored, analysed, and managed, the Digital Twins technology enable the transition from reactive and
prescriptive practices to proactive and predictive approaches, improving operational efficiency and
significantly reducing the risk of unexpected failures.

The results discussed indicate that this integration offers multiple benefits, including optimizing resource
allocation, lower maintenance costs, extended asset lifespans, and improved resilience of urban infrastructure.
Furthermore, aligning with sustainability principles, it reduces material waste and emissions associated with
emergency corrective interventions. These outcomes reinforce the role of Digital Twin technology as an
essential tool for developing smart and sustainable cities.

Nonetheless, several challenges remain, such as systems interoperability, high initial implementation costs, the
need for professional training, and the adaptation of governance models to support advanced digital
technologies. These challenges highlight the importance of gradual adoption strategies, starting with pilot
projects and evolving to broader application scales.

Ultimately, the Digital Twin technology should be regarded not merely as a technological innovation, but as a
new paradigm for urban asset management, capable of generating economic, social, and environmental value.
By integrating with maintenance strategies, it expands the scope of planning and decision-making in the AECO
sector, paving the way for strengthening urban resilience and building cities better prepared for future
challenges.
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Abstract

Transportation infrastructure, encompassing roads, bridges, tunnels, and railways, is fundamental to economic
development and societal well-being. However, rapid urbanization, increasing traffic volumes, and the aging of existing
networks have led to significant complexities and inefficiencies in traditional management practices, often characterized
by reactive maintenance and fragmented data. Digital Twin (DT) technology emerges as a transformative solution,
offering real-time monitoring, predictive modeling, and proactive management capabilities across the entire infrastructure
lifecycle. This paper presents a comprehensive review of DT applications in transportation infrastructure, focusing on
how its performance can be significantly enhanced by leveraging insights and results from advanced asset management
systems. We explore the fundamental concepts, architectural frameworks, and core components of DTs, highlighting their
distinction from related technologies like Building Information Modeling (BIM) and Cyber-Physical Systems (CPS). The
paper details the integration of diverse data sources, advanced analytics, and machine learning algorithms to transition
from traditional reactive approaches to intelligent predictive and prescriptive maintenance strategies. Through case study,
including smartBRIDGE Hamburg, we demonstrate the practical implementation and tangible benefits of this integrated
approach in improving decision-making, optimizing resource allocation, reducing maintenance costs, and extending asset
lifespans. Finally, the paper discusses critical challenges such as data quality, interoperability, and security, and outlines
future research directions essential for realizing the full potential of DT technology in fostering sustainable, efficient, and
resilient transportation systems.

Keywords: Digital Twin Technology, Infrastructure Asset Management, smartBRIDGE Hamburg.

1. Introduction

Transportation infrastructure forms the core of an economy's development and the daily lives of citizens. Countries like
China possess vast transportation networks, including approximately 5.35 million kilometers of roads and 155,000 km of
railways, which face considerable challenges such as severe traffic congestion, inequalities in infrastructure standards,
and escalating maintenance costs [1]. Rapid urbanization and growing vehicle ownership further burden existing
infrastructure, leading to traffic jams, energy waste, and environmental pollution. Historically, infrastructure management
has been predominantly reactive, addressing issues only when they reach critical levels, an approach that is both costly
and inefficient, impacting the lifespan and safety of vital assets.

The increasing complexity and scale of transport systems necessitate innovative approaches to enhance management,
monitoring, and maintenance. Digital Twin (DT) technology, initially developed for product lifecycle management, has
evolved into a versatile tool with extensive applications across various sectors, notably transportation infrastructure. DT
is fundamentally a virtual replica of a physical object or process, capable of interacting with real-time data to provide
simulations and predictive models. This capability offers an integrated, data-driven approach to asset lifecycle
management for critical transportation infrastructure, including roads, bridges, tunnels, and railways.
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While DT technology holds immense promise, its implementation in transportation infrastructure is still in its infancy,
with most research focusing on specific areas rather than a comprehensive, full-lifecycle framework. Challenges in
integrating different DT systems, data heterogeneity, and model accuracy remain unclear, limiting the technology's full
potential. This paper aims to address this gap by providing an in-depth analysis of how DT performance in transportation
infrastructure management can be enhanced by leveraging advanced asset management system insights. It examines the
conceptual framework, key components, existing applications, and future directions of DT technology, emphasizing its
role in promoting sustainable, intelligent, and efficient development of urban transportation.

2. Background: Digital Twin Concepts and Infrastructure Management
2.1. Definition and Core Concepts of Digital Twin

The concept of Digital Twin was first introduced by Michael Grieves in 2002 [2]. It is defined as a virtual representation
of real-world entities and processes, synchronized at a specified frequency and fidelity. DT systems aim to transform
business by accelerating holistic understanding, optimal decision-making, and effective action. They utilize real-time and
historical data to represent the past and present, and to simulate predicted futures. DTs are motivated by outcomes, tailored
to use cases, powered by integration, built on data, guided by domain knowledge, and implemented in IT/OT systems.

In the context of transportation infrastructure, a digital twin (DT) is composed of three fundamental components: the
physical infrastructure itself (such as roads, bridges, tunnels, and traffic signal equipment) the virtual model, which is a
computer-generated representation that reflects the appearance, dimensions, functions, and operational status of the asset,
and the communication link that connects the two to enable real-time data synchronization and information exchange. A
DT in this domain is characterized by its ability to integrate across the entire lifecycle of infrastructure, supporting
activities from initial planning and construction through operation, maintenance, and eventual decommissioning.
Moreover, it emphasizes real-time interaction by connecting to sensors embedded within physical assets, allowing
continuous monitoring of conditions, early detection of potential issues, and the implementation of proactive measures.
DT technology stacks include machine learning algorithms, Al, cloud computing, and 3D modeling, enabling advanced
data analytics for processing vast amounts of information and supporting real-time decision-making and predictive
maintenance. The five-part structure of DT, as conceptualized by Tao et al., includes the physical entity, virtual model,
connectivity, data, and services dimensions[3].

2.2. Digital Twin versus Building Information Modeling (BIM) and Cyber-Physical Systems (CPS)
While conceptually related, DT, BIM, and CPS have distinct characteristics:

Digital Twin vs. Building Information Modeling (BIM): BIM primarily focuses on creating graphical representations
and managing associated static data, emphasizing geometry and attribute expression. It is traditionally used for the front
end of a project (planning, design, construction). Even 6D BIM, which aims to include data for lifecycle management, is
not designed for real-time operational response, interoperability, or automation, as it lacks live data links or computational
models during the asset lifecycle. In contrast, a DT is a dynamic, networkable model with a persistent link to the real
world, continuously updated with current condition data. DT integrates data, mechanism models, and expert knowledge,
serving the full lifecycle by diagnosing past issues, assessing current states, and predicting future trends. While BIM
provides an imperative basis for a DT, it is not a DT itself.

Digital Twin vs. Cyber-Physical Systems (CPS): Both DT and CPS involve integrating digital and physical entities.
However, CPS primarily pertains to the fundamental scientific category, focusing on computation, communication, and
control of sensors and actuators. A digital system in CPS can correspond to multiple physical assets. DT, conversely,
emphasizes engineering implementations, data, and digital models, with a one-to-one relationship between a digital asset
and its physical counterpart. DT highlights digital associations with assets, while CPS aims to enhance physical processes
through digital tools[4].
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Table 1. Differences between DT, BIM, and CPS

physical object and gets
updated

dynamic updating over
time

Elements Digital Twin (DT) Building Information | Cyber-Physical Systems (CPS)
Modeling (BIM)

Physical Part Exist Can be non-existent Exist

Virtual Model Exist Exist Can be non-existent

Correspondence One-to-one mapping: | No emphasis on | One virtual part corresponds to

between  Physical | dynamic models that track | interaction between | several physical parts; describes

and Virtual assets for updates; | realistic scenes and virtual | integration between digital and
continuous link to the | models; static model, no | physical entities, with emphasis

on networked systems

(diagnose, assess, predict)

design, construction)

Data Focus Static and dynamic data; | Static data; formed by data | Focus on data management of the
formed by data, includes asset itself
algorithms to  explain
behavior; fed by real-time
data
Networking Networkable Cannot be networked Emphasizes networked systems
Primary Role Focus on digital links to | Practical realization; | Focus on process of enhancing
assets; proactive decision- | consistent, traceable data | physics with digital tools;
making for full lifecycle | management (planning, | computation, communication,

and control

Operational
Response

Designed for real-time
operational monitoring

Not designed for real-time
operational monitoring

Emphasizes real-time control of
sensors and actuators

2.3. Evolution of Infrastructure Maintenance Strategies

The evolution of infrastructure maintenance has progressed through several distinct stages. Initially, reactive or corrective
maintenance represented a “firefighting” approach, where failures were addressed only after they occurred. This method,
while straightforward, was unplanned, costly, and inefficient, often leading to severe damage, service disruptions, and
safety hazards. To overcome these shortcomings, preventive or time-based maintenance emerged, involving routine,
scheduled inspections and repairs aimed at preventing defects. Although more effective than reactive methods, preventive
maintenance was often excessive and expensive, as it did not fully account for the actual condition of infrastructure.
Digital twin (DT) applications can help optimize this stage by predicting asset states and reducing unnecessary
interventions, thereby extending maintenance intervals. The next stage, condition-based maintenance, leverages real-time
sensor data to assess the actual condition of each component, enabling maintenance only when anomalies are detected.
This approach has been facilitated by technologies such as IoT, cloud computing, and artificial intelligence, which provide
detailed insights into asset status. Building further on this, predictive or prognosis maintenance incorporates both real-
time sensor data and historical trends, applying machine learning algorithms to forecast failures before they occur. This
proactive strategy minimizes emergency repairs, reduces downtime, and lowers costs. The most advanced approach,
prescriptive or knowledge-based maintenance, not only predicts asset conditions but also prescribes specific maintenance
actions by combining historical and real-time data. While this method offers significant potential, research into its
application within the construction and infrastructure sectors remains relatively limited. The shift towards predictive and
prescriptive maintenance is critical for achieving efficiency, cost savings, and sustainability in transportation
infrastructure management. This transformation is heavily enabled by DT technology and advanced asset management
systems.
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3. Digital Twin Framework for Transportation Infrastructure Management

A comprehensive digital twin (DT) system for urban transportation infrastructure is commonly structured around a multi-
layered architecture, often described as the “4 Horizontal + 4 Vertical + N model. This framework encompasses the full
lifecycle of infrastructure, from planning and design to construction, operation, maintenance, and eventual
decommissioning. Within this structure, the four horizontal layers represent the core functional components of the DT
system.

At the foundation lies the data layer, which serves as the lifeblood of DT by collecting, integrating, and processing both
static and dynamic information from physical entities. During the design and construction phase, this includes structural
data such as geometric and material properties, along with environmental data like soil conditions and weather patterns.
Once in operation and maintenance, the system relies on real-time inputs including traffic flow, vehicle behaviors, and
environmental data captured by sensors, cameras, and GPS devices to ensure accurate reflections of real-world conditions.
In the decommissioning and renewal phase, the focus shifts toward structural integrity and usage of data, enabling better
decisions on deconstruction and resource reuse. Given its diversity and scale, this data requires advanced processing and
analysis methods to provide a reliable foundation for DT.

Building upon this, the model layer generates and maintains the virtual representation of transportation infrastructure.
Unlike static 3D replicas, these are dynamic models that integrate detailed behavioral and interaction data to simulate and
predict system operations. Inputs from the data layer feed directly into these models, enabling real-time simulations and
predictive insights. In the planning and design stage, simulation analyses test design feasibility and identify potential
bottlenecks, while in the construction phase, real-time monitoring ensures compliance with specifications. During
operation, the models support adaptive traffic flow management and system optimization in changing environments. The
model layer thus ensures a seamless transition across the entire lifecycle, linking design, construction, operation, and
maintenance in a unified system.

The service layer translates the outputs of the model layer into actionable insights for decision-making and operational
control. This layer provides core functions such as system description, diagnosis, prediction, decision support, and direct
control. By integrating information from all lifecycle stages, it ensures that decision-makers receive timely and reliable
recommendations. For example, it offers constructive advice during planning, optimization strategies during construction,
traffic flow efficiency solutions during operation, and optimized resource allocation strategies to support proactive
maintenance.

Finally, the application layer serves as the interface between the DT system and its end users. It enables functions such
as real-time monitoring, predictive optimization, simulation, active control, and virtual testing. This layer ensures that the
insights and intelligence generated by the lower layers are translated into practical applications. Decision-makers,
planners, and operators can use it to evaluate planning scenarios, optimize traffic flow during operation, and develop
intelligent scheduling systems for maintenance. By directly supporting real-world practices, the application layer ensures
that the DT system not only reflects reality but also actively guides infrastructure management toward higher efficiency
and resilience.

Asset
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DT Data
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System of Assets

Y

Figure 1. Five-part structure of the Digital Twin (adapted from
Tao et al., 2018b).

DT
Connection

Virtual
Model




OMAINTEC Journal

(Journal of Scientific Review)

3.2. Four Vertical Phases

The vertical layers of the digital twin (DT) framework represent the key stages in the lifecycle of urban transportation
infrastructure, covering its development from inception to eventual decommissioning or replacement. In the planning
and design phase, DTs play a crucial role by simulating a variety of scenarios to evaluate potential impacts on traffic
flow, safety, and environmental sustainability. Through advanced tools such as virtual facility simulation, multi-
dimensional visualization, and scenario-based evaluations, planners can balance competing objectives, conduct trade-off
analyses, and receive enhanced decision support. The collaborative nature of DT-enabled design further ensures that
multiple stakeholders can engage in informed, data-driven planning processes.

Moving into the construction and implementation phase, DTs integrate real-world construction activities with their
virtual counterparts to provide data support and real-time feedback. This integration enhances construction monitoring,
facilitates progress management, and improves risk detection. With the ability to identify hazards and irregularities, DTs
contribute to on-site safety management and quality assurance, ensuring projects are delivered in compliance with planned
specifications.

During the operation and management phase, DTs continue to add value by enabling real-time monitoring of traffic
flows, structural performance, and equipment conditions. This allows operators to optimize system performance, improve
routine maintenance, and respond more effectively to emergencies. Whether in traffic control, incident management, or
data-driven operational decision-making, DTs act as intelligent support systems that enhance both efficiency and
resilience in transportation networks.

Finally, the maintenance, upgrade, and decommissioning phase leverages DT capabilities for long-term infrastructure
sustainability. By combining predictive maintenance tools with condition assessments, DTs help determine the most cost-
effective and timely interventions to extend asset lifespans. In cases of decommissioning or replacement, DT simulations
allow planners to evaluate alternative approaches, measure potential environmental impacts, and design strategies for
material recovery and resource reuse. In this way, DTs not only optimize active lifecycle stages but also ensure responsible
and sustainable end-of-life planning for urban transportation infrastructure.

3.3. "Form-Condition-Mechanism-Tendency' Concept

In addition to the "4 Horizontal + 4 Vertical + N" framework, the “Form-Condition-Mechanism-Tendency” concept
offers a complementary perspective that strengthens the ability of digital twin (DT) systems to manage urban
transportation infrastructure across its lifecycle. The form focuses on digital reconstruction, capturing the physical shape,
structure, and geometric properties of assets through high-precision 3D modeling and standardized digital representation
rules. This ensures that the virtual model mirrors the physical infrastructure with accuracy and fidelity. The condition
dimension emphasizes precise mapping of the asset’s operational state, incorporating data on dynamic responses, levels
of wear, structural health, and risk factors. This is achieved through advanced performance monitoring and holographic
sensing technologies, which deliver real-time insights into how infrastructure is functioning under actual conditions.

The mechanism component highlights mechanistic deduction, analyzing how infrastructure functions and performs over
time by evaluating factors such as reliability, resilience, and safety. Through DT-driven simulations, infrastructure
managers can predict how assets will respond to different environmental stresses or load conditions, providing a deeper
understanding of system behavior. Finally, the tendency aspect leverages historical data and predictive analytics to
anticipate future states and optimize management strategies. By identifying trends and projecting long-term performance,
it enables decision-makers to implement proactive measures that reduce risks, extend asset lifespan, and enhance
efficiency. Together, these four interconnected concepts establish a robust framework for comprehensive lifecycle
management, offering a clearer and more dynamic understanding of transportation infrastructure.
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4. Enhancing Digital Twin Performance with Asset Management System Insights

The core value proposition of DT technology in transportation infrastructure lies in its ability to transform traditional,
often reactive, asset management into proactive, predictive and prescriptive strategies. This enhancement is achieved by
systematically integrating and leveraging data and insights from various asset management systems.

4.1. Data Integration and Fusion

One of the most significant challenges in asset management is the persistent issue of data segregation, where information
silos and disparate formats from multiple sources hinder effective decision-making. Digital twins (DTs) address this
problem by serving as unified platforms for multi-source data fusion, bringing together diverse forms of information into
a single, coherent system. A critical feature of DTs is their ability to integrate heterogeneous data sources, including
infrastructure-embedded sensors, [oT devices, traffic cameras, GPS systems, weather stations, and even traditional asset
inspection reports. For instance, in bridge health monitoring, DTs can combine real-time sensor data (such as stress,
vibration, and temperature readings) with historical maintenance records to provide a richer and more accurate picture of
asset performance.

Equally important is the integration of static and dynamic data within DT systems. Hybrid DTs allow for the merging
of static information, such as design specifications, geographic data, usage histories, and engineering blueprints, with
dynamic inputs like real-time sensor streams, GPS updates, and weather conditions. This dual integration creates a holistic
and continuously updated representation of assets, which is especially valuable in complex transportation networks like
railways, where design data must be synchronized with live information on loads, track conditions, and environmental
changes.

To achieve such integration, ensuring data quality and consistency across varied sources is essential. DTs rely on
advanced processing techniques, including machine learning algorithms for noise filtering, anomaly detection, and error
correction. Additionally, the use of edge computing technologies helps reduce latency by enabling data to be processed
closer to its point of collection, thereby improving responsiveness and reliability. Finally, the adoption of standardized
protocols plays a vital role in facilitating seamless communication and interoperability between different DT systems and
applications. Protocols such as TCP/IP, MQTT, AMQP, oneM2M, XMPP, and Automation ML are commonly utilized to
harmonize data exchange, making it possible to unify fragmented information into a comprehensive and actionable
platform for infrastructure management.

Table 2. Data Fusion Challenges and DT-Based Solutions in Transportation Infrastructure

inspection reports.

Challenge Description DT-Based Solution
Heterogeneous Data | Multiple, diverse inputs from sensors, | DTs unify data from different formats and
Sources IoT devices, GPS, weather stations, and | platforms into a single integrated system.

Bridging Static and
Dynamic Data

Difficulty in design
specifications and historical data with
real-time operational data.

linking

Hybrid DTs integrate static (design, blueprints)
with dynamic (sensor, GPS, weather) inputs for
holistic asset views.

Data Quality and

Consistency

Issues with accuracy, noise, and latency
across multiple streams.

Machine learning for noise filtering and anomaly
detection; edge computing for faster, reliable
processing.

Standardization and
Interoperability

Lack of uniform data formats and

communication protocols across

systems.

Adoption of standardized protocols (e.g., TCP/IP,
MQTT, AMQP, oneM2M, XMPP, Automation
ML) to ensure seamless data exchange.
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4.2. Advanced Analytics and Artificial Intelligence (AI)

The integration of advanced analytics, particularly artificial intelligence (Al) and machine learning (ML), significantly
enhances the capabilities of digital twins (DTs) by transforming vast volumes of raw data into actionable insights that
support informed decision-making. Through predictive modeling, ML algorithms such as neural networks, decision trees,
and regression models can identify patterns in historical datasets and generate forecasts related to traffic flow,
infrastructure degradation, and maintenance requirements. For example, DT applications in bridge health monitoring
combine real-time sensor data with historical maintenance records to predict potential structural failures before they occur.
Beyond prediction, Al also plays a crucial role in optimization, as algorithms can analyze highly complex datasets to
refine infrastructure designs during the planning phase, monitor construction progress with greater precision, and enhance
maintenance scheduling in the operational stage.

A particularly promising development is the application of deep reinforcement learning (DRL) techniques, such as the
Advantage Actor Critic (A2C) model, which learn iteratively by minimizing penalties like maintenance costs and system
defects. Unlike conventional supervised or unsupervised learning approaches that produce one-time predictions, DRL
offers continuous optimization across different learning stages, and when trained with real-world field data, it can provide
highly practical solutions for infrastructure asset management. Another vital contribution of Al to DTs is anomaly
detection, where algorithms continuously process feature data and compare it against external operational information to
identify irregularities, as demonstrated in pump monitoring systems and similar applications. Furthermore, DTs equipped
with Al can expand datasets by generating high-fidelity virtual environments that simulate a wide variety of traffic
scenarios, weather conditions, and asset deterioration patterns. This dataset augmentation strengthens image recognition
models and improves robustness, with advanced techniques such as style transfer helping to close the gap between
synthetic and real-world data. Collectively, these Al-driven enhancements position DTs as powerful tools for predictive,
proactive, and optimized transportation infrastructure management.

4.3. Enhanced Visualization and Simulation

Digital twins (DTs) offer advanced multi-dimensional visualization capabilities that extend far beyond conventional static
3D models, enabling richer insights into the performance and management of transportation infrastructure. Using
technologies such as Building Information Modeling (BIM), Geographic Information Systems (GIS), and Light Detection
and Ranging (LiDAR), DTs can generate highly accurate and detailed 3D models of physical assets. These models do not
merely capture geometry but also integrate data on material properties, structural health, and environmental conditions,
supporting comprehensive lifecycle management from design through decommissioning.

In addition to static representations, DTs enable dynamic simulation, allowing virtual models to replicate the real-time
behaviors and interactions of infrastructure systems. This capability is particularly valuable for predicting traffic flow,
forecasting congestion, and assessing structural performance under varying load conditions. Planners and engineers can
further leverage DTs for scenario evaluation, simulating transportation operations under diverse conditions to test design
alternatives and assess their impact on traffic efficiency, capacity, safety, and environmental sustainability.

Another critical feature of DT visualization lies in its interactive interfaces, where multi-level Human-Machine Interfaces
(HMIs) provide users with geolocated key figures and contextual data that enable rapid understanding of asset states.
These interfaces facilitate faster decision-making by presenting complex information in an accessible format, often
through web-based dashboards or immersive environments. Emerging technologies such as Augmented Reality (AR) and
Virtual Reality (VR) further enhance user interaction, allowing stakeholders to virtually explore infrastructure systems,
assess scenarios, and visualize potential outcomes in highly intuitive ways. Collectively, these visualization tools
strengthen DT’s role as a decision-support platform, bridging technical complexity with practical usability.

4.4. Proactive and Sustainable Management

By integrating advanced analytics with real-time data from asset management systems, digital twins (DTs) are
transforming infrastructure management from a reactive process into a proactive and sustainable practice. One of the most
impactful applications is predictive maintenance, where DTs can anticipate when assets such as bridges or tunnels are
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likely to fail or require servicing. This foresight enables timely interventions that help prevent costly repairs, reduce
unexpected failures, and enhance overall safety, ultimately extending the service life of critical infrastructure. Beyond
maintenance, DTs also play a key role in resource optimization by ensuring the efficient allocation of manpower,
machinery, and materials during both construction and operational phases. This not only minimizes downtime but also
contributes to significant reductions in lifecycle costs.

Sustainability is another area where DTs deliver considerable benefits. By continuously monitoring and optimizing
operations, they help reduce energy and water consumption, minimize raw material extraction, and lower greenhouse gas
emissions. DTs can even support end-of-life planning by simulating demolition processes, such as dust and noise
propagation, and proposing environmentally friendly strategies for resource reutilization. Furthermore, the dynamic
updating capability of the model layer empowers DTs to adapt to changing conditions in real time, enabling the
optimization of traffic flow and system performance under varying loads and external factors. Taken together, these
capabilities establish DTs as a cornerstone of proactive, cost-effective, and environmentally responsible infrastructure
management.

5. Case Study

To illustrate the practical application and benefits of enhancing DT performance using asset management insights, we
examined prominent case study: smartBRIDGE Hamburg.

Hamburg

Bricke smactBRIDGE | |

nicht ausreichender Zustand
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Trapezhohlsteife,
Schweifinaht

BESCHREIBUNG HADEN RICHTIG
Schweilinaht: Gerissen ' TET

S OF INTEREST (0)

Figure 2 Digital Interface of a Structural Health Monitoring System Showing a Detailed Damage Entry (Source:
https://www.homeport.hamburg/portfolio/smartbridge)

5.1. Case Study: smartBRIDGE Hamburg

The smartBRIDGE Hamburg project is a large-scale demonstrator aimed at implementing and experiencing the DT
concept to improve bridge maintenance, with transferability to other asset classes. The Kohlbrand bridge in Hamburg, a
complex and vital bridge, serves as the ideal showcase for this initiative.

The smartBRIDGE Hamburg project provides a compelling example of how digital twins (DTs) can optimize bridge
maintenance by integrating classical inspection methods with continuous sensor-based monitoring to achieve objective,
comprehensive, and real-time evaluations of structural conditions. The methodology relies heavily on Structural Health
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Monitoring (SHM), where sensors are strategically positioned on critical elements such as cables, bearing devices, and
the superstructure to generate historical data on structural behavior and performance over time. This enables tracking of
the impacts of heavy goods transport, the assessment of compensatory measures, and the early identification of
dysfunctions or structural damage. The data collected from these sensors, including stress values and utilization rates, are
aggregated into “partial condition indicators” (PCIs). These are then merged with “condition indicators” (Cls) derived
from traditional manual inspections—rated on a standardized scale from 1.0 (good) to 4.0 (insufficient)—to produce a
unified and objective assessment of the overall condition of bridge components. This fusion of data ensures greater
accuracy, objectivity, and timeliness in evaluations while maintaining compatibility with established reporting formats.

Building Information Modeling (BIM) serves as the foundational platform for DT by providing robust visualization
capabilities and linking static information to 3D objects. BIM enables accurate representation of bridge geometry, initially
for as-designed models and later expandable to as-built conditions through LiDAR integration. It also supports structural
classification for easier navigation, damage localization for mapping inspection results over time, and precise sensor
localization within the digital model. By embedding condition indicators and damaging data in a temporal and spatial
context, BIM enhances both analysis and interpretation of the infrastructure’s health.

The system architecture integrates diverse and heterogeneous data sources—including measurement data, infrastructure
information, manual inspection reports, and [oT device outputs—into a unified database built on an OGC Sensorthings
server. Specialized interfaces and processing pipelines handle data refinement, aggregation, and the calculation of PCIs
and ClIs. This structure allows for data processing to be triggered automatically based on events, time schedules, or manual
inputs. To facilitate user interaction, a multi-level Human-Machine Interface (HMI) has been developed, consisting of
conditionCONTROL, which provides a high-level overview, and expertCONTROL, which offers detailed insights into
specific datasets. Together, these tools deliver a single, user-friendly point of access, improving both usability and
acceptance of the DT concept.

The outcomes of the smartBRIDGE Hamburg project demonstrate the transformative potential of DTs in asset
management. By merging conventional inspection data with continuous sensor monitoring, the project shifts maintenance
practices from reactive to predictive, enabling early detection of anomalies and proactive interventions that enhance safety
and reduce costs. The approach also optimizes resource allocation by aligning maintenance activities with actual structural
needs. Importantly, the system is scalable and adaptable, with potential applications across other infrastructure assets and
future integration of advanced technologies such as Al-driven anomaly detection and deep reinforcement learning for
optimized decision-making. Collectively, this case study illustrates how DTs, supported by BIM, SHM, and advanced
analytics, can revolutionize transportation infrastructure management by delivering more reliable, efficient, and
sustainable maintenance strategies.

6. Challenges and Future Directions

Despite the transformative potential of Digital Twin technology in transportation infrastructure, several challenges must
be addressed to achieve its full lifecycle implementation and widespread adoption. These challenges span technical,
operational, and ethical domains.

6.1. System and Technical Challenges

Digital twins (DTs) in transportation infrastructure face several critical challenges that must be addressed to unlock their
full potential. A major issue lies in data quality and integration, as DTs depend on vast amounts of information collected
from heterogeneous sources such as sensors, [oT devices, cameras, and GPS systems. Differences in formats,
communication protocols, update frequencies, and the presence of noise or inconsistencies often complicate integration,
resulting in flawed simulations and suboptimal decision-making. Overcoming this requires the development of
standardized data formats and protocols, alongside advanced data processing techniques such as machine learning for
filtering errors and ensuring reliability.

Another key challenge is the requirement for efficient real-time processing. Since DTs must manage and analyze
massive volumes of streaming data, the computational demands of high-fidelity simulations and dynamic data processing
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can strain available resources. To address this, future advancements must focus on optimizing technologies for real-time
applications through approaches like edge computing and scalable cloud-based infrastructures. Closely tied to this is the
issue of model accuracy and updating, as the predictive power of DTs depends heavily on the quality and completeness
of data input. Inaccurate or incomplete datasets can undermine predictions, leading to poor decision-making. To mitigate
this, more normalized modeling methods must be developed for multi-domain and cross-scenario applications, while
advanced Structural Health Monitoring (SHM) and Non-Destructive Testing (NDT) technologies—such as UAV-based
inspections and robotic crawlers—can provide granular updates for maintaining precise models.

System interoperability is another area of concern. Many DT systems currently operate as standalone deployments,
limiting opportunities for integration and preventing a holistic view of transportation networks. Establishing
interoperability frameworks, common data exchange standards, and open APIs will be essential to enabling seamless
communication and collaboration between diverse DT systems. Finally, high development and operational costs remain
a significant barrier, especially in large-scale urban contexts where investment in sensors, infrastructure, software, and
skilled personnel is substantial. To make DT adoption more feasible, future efforts should explore cost-effective solutions
such as modular and scalable system designs, open-source platforms, and innovative financial models to reduce both
initial capital expenditure and ongoing operational expenses.

6.2. Operational and Ethical Challenges

Another set of challenges for the adoption of digital twin (DT) systems relates to human capital, data governance, and
ethical considerations. A critical barrier is the shortage of skilled professionals who can design, implement, and manage
DT systems while also interpreting their outputs for decision-making. This expertise spans multiple disciplines (including
civil engineering, information technology, interactive design, and data science) making it difficult to build teams with the
necessary breadth of knowledge. Addressing this issue requires stronger cross-disciplinary collaboration between
researchers, industry experts, and policymakers, as well as targeted investments in training and education programs to
cultivate a workforce capable of supporting DT development on a scale.

Equally pressing are concerns around data privacy and security. Because DTs rely on vast volumes of sensitive
information, risks of misuse or data breaches can undermine both public trust and institutional support for these
technologies. Clear policies and guidelines on data collection, storage, and usage are therefore essential across all lifecycle
stages of DT applications. Technical safeguards, including encryption, access control mechanisms, regular audits, and the
use of blockchain for secure and transparent data management, can further strengthen protections.

Finally, ethical considerations must remain central to the design and deployment of DTs, particularly in ensuring that
these systems contribute to equitable access to transportation services and do not inadvertently reinforce existing
inequalities in urban mobility. Embedding ethical guidelines and principles of social responsibility into the development
process will help strike a balance between technological innovation and societal values, ensuring that DT systems serve
the broader public good.

6.3. Future Directions and Research Opportunities

Future efforts to advance digital twin (DT) technology in transportation infrastructure must focus on several critical
directions. One priority is the development of standardized data models and protocols that enable consistent
integration of diverse datasets and facilitate seamless sharing of results with external applications. Equally important is
the deepened integration of advanced analytics and artificial intelligence, particularly machine learning and deep
reinforcement learning (DRL), to enhance predictive capabilities for congestion management, accident prevention, and
maintenance needs, with special attention to optimizing these techniques for real-time applications. Alongside this,
establishing interoperability frameworks supported by common data exchange standards and APIs will allow DT
systems to communicate across all lifecycle stages, creating a unified ecosystem of connected models.

At the same time, policy and privacy considerations must be addressed through clear guidelines for data collection,
usage, and security, supported by robust technologies such as blockchain and federated learning to safeguard integrity
and confidentiality. Integration with emerging technologies (including blockchain for secure management, IoT for real-
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time sensing, and 5G networks for high-speed, low-latency communication) offers significant potential to enhance the
functionality and responsiveness of DTs. The scope of DT applications should also expand beyond transportation to
broader urban systems such as energy grids, environmental monitoring, and logistics, enabling resource optimization and
improved quality of life by interlinking digital representations of different urban subsystems.

Additionally, future research should focus on human-centric DTs that support workers through guided operations or
immersive virtual training environments, thereby improving safety and workforce preparedness. Another vital area is
uncertainty modeling, as real-world transportation systems operate under dynamic and incomplete datasets. Methods
such as Bayesian networks can be employed to represent and address uncertainty, ensuring more reliable and adaptive
DT decision-making. By addressing these challenges and advancing research in these directions, the transportation sector
will be better positioned to harness DTs in building efficient, resilient, and adaptive infrastructure systems that ensure
long-term sustainability and societal well-being.

7. Regional Practical Implementation

The Middle East and North Africa (MENA) regions present a unique context for adopting digital twins (DTs) in
transportation infrastructure management. Unlike temperate regions, the Gulf countries face extreme climatic conditions,
rapid urbanization, and ambitious national development agendas such as Saudi Vision 2030, UAE Centennial 2071, and
Qatar National Vision 2030. These drivers place significant demands on infrastructure performance, durability, and
resilience, making DT-enabled asset management particularly relevant.

One of the primary challenges in the region is the impact of climate on asset performance. High temperatures accelerate
asphalt rutting and concrete cracking, while humidity and salt exposure in coastal areas cause steel corrosion and structural
degradation in bridges and tunnels. Sandstorms contribute to surface abrasion, clog drainage systems, and reduce visibility
for intelligent traffic management systems. By integrating real-time monitoring and predictive analytics, DTs can provide
early warnings of climate-induced damage, optimize maintenance schedules, and extend the lifecycle of critical assets
under harsh conditions.

The rapid pace of infrastructure expansion across the region also underscores the need for advanced O&M strategies.
Mega-projects such as NEOM in Saudi Arabia, Expo 2020 legacy projects in Dubai, and Doha’s integrated transport
corridors require reliable, scalable, and intelligent asset management frameworks. DTs offer the ability to simulate
construction outcomes, optimize resource allocation, and monitor structural performance, thereby supporting both short-
term project execution and long-term sustainability goals.

From an operations and maintenance perspective, DTs provide significant practical benefits. By shifting from reactive
to predictive and prescriptive maintenance, agencies can reduce unplanned downtime, improve worker safety, and achieve
measurable cost savings. For example, DT-enabled predictive maintenance could reduce unplanned interventions on
highway networks by up to 30%, extend asset lifespans by 20-25%, and cut lifecycle costs by 15-20%.

Another practical implication lies in stakeholder collaboration. Transportation infrastructure in the Middle East is often
developed and managed through public—private partnerships (PPPs) involving government ministries, municipalities,
international contractors, and technology vendors. DTs can serve as a shared platform that integrates diverse datasets and
viewpoints, allowing stakeholders to coordinate decisions, improve transparency, and track performance against Key
Performance Indicators (KPIs) for O&M. Such integration ensures that infrastructure managers, policy makers, and
investors have a unified view of asset health and performance.

Policy and regulatory alignment are also essential for successful implementation. While global standards such as ISO
55000 (Asset Management) and ISO 19650 (BIM for the built environment) provide a foundation, Middle Eastern
governments are increasingly establishing local regulations for smart cities, digital governance, and data security.
Incorporating DTs into these frameworks will require clear guidelines on data ownership, privacy, and interoperability.
Additionally, capacity-building initiatives, including training programs for engineers, technicians, and asset managers,
are necessary to overcome the current shortage of skilled professionals in this interdisciplinary domain.
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8. Conclusion

Digital Twin technology possesses immense potential to revolutionize the management of transportation infrastructure,
offering a comprehensive and dynamic perspective across its entire lifecycle from planning to decommissioning and
renewal. While its current implementation is still evolving, particularly in large-scale urban systems, this paper has
demonstrated how DT performance can be significantly enhanced by strategically leveraging advanced asset management

system insights and results.

By adopting a comprehensive framework that integrates diverse data sources (static and dynamic), advanced analytics
(AI, ML, DRL), and sophisticated visualization tools, DTs enable a crucial shift from traditional reactive maintenance to
intelligent, proactive, and even prescriptive strategies. The detailed case study of smartBRIDGE Hamburg clearly
illustrates the tangible benefits: improved decision-making, optimized resource allocation, substantial reductions in

maintenance activities and defects, extended asset lifespans, and enhanced safety and sustainability.

However, realizing the full potential of DTs necessitates overcoming significant challenges related to data quality,
integration, real-time processing, model accuracy, and system interoperability. Ethical concerns, data privacy, and the
need for skilled professionals also require dedicated attention and policy development. Future research must prioritize
standardization, deeper integration with emerging technologies (e.g., blockchain, 5G), and the expansion of DT

applications to broader urban systems to foster more resilient, flexible, and sustainable cities.

In conclusion, the strategic fusion of Digital Twin technology with advanced asset management practices offers an
unparalleled opportunity to transform transportation infrastructure into smarter, more efficient, and safer systems,
ensuring value creation at every stage of the lifecycle and contributing significantly to the vision of smart, sustainable

cities.
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Abstract:

The emergence of digital twin technology marks a paradigm shift in facilities management by bridging the gap between
physical infrastructure and virtual intelligence. This research investigates how digital twins—virtual replicas of physical
assets, systems, and processes—are redefining the way facilities are operated, maintained, and optimized. Through the
integration of real-time data from Internet of Things (IoT) devices, Building Information Modelling (BIM), and Al-driven
analytics, digital twins enable a continuously updated and interactive model of building performance. The study explores
key applications in predictive maintenance, energy optimization, and space utilization, demonstrating their role in
enhancing operational efficiency and reducing environmental impact. Drawing on case studies, this research highlights
outcomes such as reduced maintenance costs and improved energy performance, while also examining challenges related
to data interoperability and cybersecurity. The findings underscore digital twin technology as a transformative tool in the
evolution of facility management towards proactive, intelligent, and sustainable operations.

Keywords: Digital Twin, Facilities Management, [oT, Predictive Maintenance, BIM
1-Introduction

Facilities Management (FM) is a critical discipline encompassing the coordination of people, place, process, and
technology to ensure the built environment functions reliably, safely, and efficiently. Historically, FM has been
predominantly characterized by reactive maintenance practices, where actions are taken only upon equipment failure or
occupant complaint. This approach is often compounded by manual operations—reliant on paper-based logs, periodic
manual inspections, and siloed communication—and severe data fragmentation. Information is typically locked within
disparate systems such as Computerized Maintenance Management Systems (CMMS), Building Automation Systems
(BAS), and CAD drawings, creating operational blind spots. The consequences of this traditional paradigm are profound:
inefficiencies in resource allocation, escalating operational and energy costs, unplanned downtime that disrupts core
business activities, and suboptimal asset performance leading to shortened lifespans. Furthermore, in an era of escalating
sustainability mandates and economic pressures, this reactive model is increasingly untenable.

The ongoing digital transformation of the built environment is fundamentally disrupting this established paradigm. The
convergence of technologies like the Internet of Things (IoT), Building Information Modelling (BIM), and Artificial
Intelligence (Al) is introducing powerful new tools for creating smarter, more responsive, and sustainable buildings.
These technologies facilitate a shift from disconnected, manual processes to integrated, data-driven operations. Among
these innovations, the Digital Twin (DT) concept has emerged as a critical enabler and central nervous system for next-
generation FM. A digital twin is far more than a static 3D model; it is a dynamic, virtual representation of a physical
asset or system that spans its entire lifecycle. It is continuously updated with real-time data from sensors and other
sources, and utilizes simulation, machine learning, and reasoning to not only mirror the past and present state of the
physical asset but also to predict future performance and prescribe optimal actions [1]. This capability transforms the
digital twin from a passive model into an active decision-support tool.

This paper argues that digital twin technology, fueled by the integration of IoT and BIM, is fundamentally transforming
FM from a physically-bound, reactive discipline into a virtual, proactive, and intelligent enterprise. It enables a paradigm
where facility managers can simulate "what-if" scenarios, optimize performance in a risk-free digital space, and anticipate
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problems before they manifest in the physical world. This paper presents a comprehensive analysis of this transformation.
We begin by deconstructing the core framework of a facility digital twin. We then explore its pivotal applications in
predictive maintenance, energy optimization, and space management, demonstrating its tangible value. This is supported
by evidence from real-world case studies across various sectors. Finally, we critically examine the significant
implementation challenges—such as data interoperability and cybersecurity—that must be addressed to unlock the full
potential of digital twins and achieve their widespread adoption in the facilities management industry.

2- Digital Twin Framework for Facilities Management: An Evolution from Siloed Systems

The concept of a centralized, intelligent command center for facilities is not entirely new. Historically, FM relied on
fragmented technological solutions that operated in isolation. Building Automation Systems (BAS) or Building
Management Systems (BMS) were pioneers in digitization, controlling HVAC and lighting but often functioning as a
closed loop with limited external data integration. Computerized Maintenance Management Systems (CMMS) digitized
work orders and asset histories but remained largely transactional and retrospective, lacking real-time situational
awareness. CAD and later BIM models provided sophisticated static digital representations of assets but were primarily
used for design and construction, with their rich data often becoming outdated after handover. These systems created
"data silos," where valuable information was trapped within specific applications, preventing a holistic view of building
performance and forcing managers to make decisions based on incomplete or outdated information [2]. The digital twin
framework represents a paradigm shift from these isolated systems to a cyber-physical system (CPS) that emphasizes
integration, bi-directional data flow, and intelligence. The efficacy of a digital twin in FM hinges on a robust, integrated
framework that synergizes data, models, and analytics to create a living virtual entity. This framework can be
conceptualized through three core, interconnected layers.

Part 1: The Old Paradigm Part 2: Enabling Technologies Part 3: New Paradigm (Integr
(Siloled Systems) (The Foundation) Digital Twin Framework)
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Figure 1 Evolution from Siloed systems to integrated Digital Twin Framework, transitional through the enabling
technologies

2.1 The Physical Layer: The Sensor-Instrumented Asset

The foundation is the Physical Layer—the built asset itself and its inhabitants. This includes all architectural elements,
engineering systems (HVAC, lighting, electrical, plumbing), components (pumps, chillers, VAV boxes), and occupants.
The critical evolution here is the dense instrumentation of this layer with a network of Internet of Things (IoT) sensors
and actuators. These devices continuously monitor a vast array of parameters in real-time, such as temperature, humidity,
air quality, energy consumption (at the circuit and equipment level), equipment vibration, water flow, door status, and
space occupancy via people counters or WiFi/Bluetooth tracking. This layer provides the continuous stream of
"heartbeat" data from the physical world that animates the digital twin.

2.2 The Data Layer: The Central Nervous System for Interoperability

The Data Layer acts as the central nervous system and is the crucial bridge that previous FM technologies lacked. Its
primary function is to ingest, aggregate, clean, and contextualize massive, heterogeneous data streams. This includes:

e  Real-time telemetry from the IoT sensor network in the Physical Layer.

e Static and semantic data from the BIM model (e.g., equipment specifications, warranty information,
maintenance manuals, spatial relationships).

e Historical and transactional data from enterprise systems like CMMS (work order history), Energy Management
Systems (EMS), and Enterprise Resource Planning (ERP) systems.
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The paramount challenge and function of this layer is to ensure data interoperability—breaking down the historical silos.
This is often achieved through a centralized data platform or "data lake" that uses APIs (Application Programming
Interfaces) and middleware to harmonize data from disparate sources into a unified, contextualized dataset. This process,
often involving the creation of a common data schema or leveraging open standards like IFC (Industry Foundation
Classes) for BIM, is what transforms raw data into meaningful information ready for analysis [3].

2.3 The Virtual Layer: The Cognitive Digital Twin

The Virtual Layer is where the digitized asset evolves into an intelligent Digital Twin. It hosts a dynamic, data-enriched
3D model that is a continuous mirror of the physical asset's state. This layer is powered by Al and machine learning
algorithms that process the integrated information from the Data Layer to provide advanced functionalities far beyond
simple visualization:

e Simulation & Analytics: Running complex simulations (e.g., computational fluid dynamics for airflow, energy
modeling) and using analytics to identify patterns, anomalies, and inefficiencies.

e Prediction & Prescription: Moving from descriptive analytics ("what happened") to predictive ("what will
happen") and prescriptive ("what should I do") insights. For example, predicting equipment failure and
prescribing specific maintenance actions.

e Visualization & Interaction: Providing an intuitive dashboard and 3D interface where facility managers can
visually interact with the building's data, run "what-if" scenarios (e.g., simulating the impact of a set point change
on energy use), and gain actionable insights to support decision-making.

This layered framework represents the culmination of previous technological attempts, integrating them into a cohesive,
intelligent whole that enables a proactive, predictive, and optimized approach to facilities management.
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Figure 2: Conceptual framework of a Digital Twin for Facilities Management.

2.1 Enabling Technologies: 10T, BIM, and Al

The digital twin is not a singular technology but a powerful synergy of several advanced fields. Its functionality is built
upon a triad of enabling technologies: IoT for sensing, BIM for modeling, and Al for reasoning. Each of these
technologies has evolutionary roots in much older systems that laid the groundwork for today's capabilities.
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2.1.1 Internet of Things (IoT): The Nervous System

IoT provides the critical, continuous stream of real-time data from the physical world, transforming the digital twin from
a static model into a "living", dynamic entity. Modern IoT networks consist of ubiquitous, low-cost sensors measuring
everything from temperature and vibration to occupancy and energy draw, all connected via wireless protocols like
LoRaWAN or 5G. The simplest precursor to an [oT sensor is the thermostat, invented in the 17th century and electrified
in the 1880s. It provided a single, localized data point (temperature) to control a single system (a furnace). The Building
Automation System (BAS) of the 20th century was the direct progenitor—a closed, proprictary network of sensors and
controllers that automated building functions like HVAC. However, unlike modern IoT, these systems were isolated,
expensive, and generated data that was rarely used for holistic analysis [4].

2.1.2 Building Information Modeling (BIM): The Skeleton and Memory

BIM serves as the foundational graphical and data-rich model for the digital twin. It provides the accurate 3D geometry
and, crucially, a rich database of embedded semantic information (e.g., material specifications, manufacturer details,
warranty info, performance criteria) for every asset. This makes BIM the ideal digital blueprint that evolves from a design
tool into a live "as-built" repository. The clear predecessor to BIM is Computer-Aided Design (CAD), which itself
digitized the ancient practice of technical drafting and blueprints on papyrus, vellum, or paper. While revolutionary, CAD
and 2D drawings primarily contained graphical information. The "I" in BIM (Information) marks the critical evolution,
adding a structured, queryable database to the geometric model, a concept that began to take shape in the early 2000s [5].
This shift from dumb lines to intelligent objects is what enables the integration with data layers.

2.1.3 Artificial Intelligence (AI) and Predictive Analytics: The Brain

Al and machine learning (ML) form the cognitive core of the digital twin. They are the technologies that process the vast
amounts of integrated data from IoT and BIM to identify patterns, anomalies, and correlations that are invisible to the
human eye. This enables the transition from descriptive analytics ("what happened") to predictive ("what will happen")
and prescriptive ("what should we do") insights, such as forecasting equipment failure or optimizing energy usage in
real-time. The precursor to Al in FM was human expertise and manual trend analysis. Seasoned facility managers and
engineers would rely on years of experience to diagnose problems and would periodically review handwritten log sheets
or chart recorder outputs to identify trends. Statistical Process Control (SPC), developed in the 1920s, introduced
mathematical principles for monitoring processes. Modern Al automates and vastly scales this expert intuition and
statistical analysis, learning continuously from data to make predictions with speed and accuracy far beyond human
capability [6].

The true power of the digital twin emerges from the convergence of these three technologies. IoT feeds real-time data
into the BIM model, and Al algorithms analyze this integrated data stream to generate intelligence, which can then be
fed back through the IoT layer to actuate and optimize the physical world. This creates a closed-loop, cyber-physical
system that is fundamentally smarter than the sum of its parts.

3 Key Applications in Facilities Management
3.1 Predictive and Prescriptive Maintenance: From Calendar-Based to Condition-Driven

Maintenance strategies in facilities management have evolved through distinct phases, each reducing downtime and cost.
The journey began with Reactive Maintenance (run-to-failure), which incurs high repair costs and unplanned downtime.
This was followed by Preventive Maintenance (PM), based on fixed time-or usage-based schedules (e.g., servicing a
pump every 6 months). While an improvement, PM is inherently inefficient; it often results in maintaining healthy
equipment ("over-maintenance") and can still miss failures that occur before the scheduled service ("under-
maintenance"). Digital twins enable a paradigm shift to Predictive Maintenance (PdM) and its more advanced successor,
Prescriptive Maintenance. This approach moves from calendar-based schedules to condition-based monitoring,
leveraging the digital twin's integrated data and analytical power to determine the actual health of an asset.
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The Predictive Mechanism:

e The process begins with the Physical Layer, where [oT sensors attached to critical assets (e.g., chillers, pumps,
transformers) continuously stream high-fidelity data. Key parameters include:

e Vibration Analysis: Accelerometers detect imbalances, misalignment, or bearing wear in rotating equipment,
often providing the earliest failure warnings.

e  Thermography: Infrared sensors identify abnormal heat patterns in electrical components (e.g., loose
connections) or mechanical systems (e.g., failing bearings).

e Ultrasound: Acoustic sensors detect leaks (compressed air, steam, vacuum) and electrical arcing.

e Motor Current Analysis: Sensors monitoring power draw can identify load changes and inefficiencies indicative
of mechanical failure.

This real-time sensor data is contextualized within the Digital Twin's Virtual Layer. The Al engine does not merely
monitor absolute values but analyzes trends and patterns against three key datasets:

e Historical Performance Data from the assets own history.
e  Failure Mode Models based on engineering principles.
e  Fleet-wide Data from identical or similar assets across multiple facilities.

Feedback Loop

2. Ingest & Contxualiize Analyze & Predict

I}

o l

Figure 3: The process of Predictive and Prescriptive Maintenance.
3.2 The Prescriptive Advancement:

Predictive analytics answers "what will fail and when?" Prescriptive Maintenance takes the critical next step by
answering, "what should I do about it?”” The digital twin's simulation capability allows it to become a decision-support
tool. Upon predicting a failure, the system can:

e Prescribe Specific Actions: Instead of a generic "inspect pump" work order, it prescribes a precise action:
"Replace bearing P/N XYZ."

e  Optimize Logistics: It automatically checks inventory for the required spare part and triggers an order if needed.

e  Optimize Scheduling: It evaluates the criticality of the asset, simulates the impact of its downtime on building
operations, and recommends an optimal maintenance window that minimizes disruption. It can then
automatically generate a detailed work order in the CMMS and schedule the appropriately skilled technician.

This closed-loop process—from sensing to prediction to prescription—drastically reduces unplanned downtime, extends
asset lifespan, optimizes spare part inventory, and maximizes technician productivity, leading to a radical reduction in
total maintenance costs and operational risk [7], [8].

Energy Performance and Optimization: The Digital Proving Ground

Buildings are among the largest consumers of global energy, and a significant portion of this energy is wasted due to
inefficient operations and static control strategies that cannot adapt to dynamic conditions like fluctuating occupancy or
changing weather. Traditional energy management often relies on retrospective analysis of utility bills or manual
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tweaking of Building Automation System (BAS) set points, a trial-and-error approach that is slow, suboptimal, and
carries the risk of negatively affecting occupant comfort. The digital twin transforms this process by serving as a virtual
proving ground or a "sandbox" for energy strategies. It moves energy management from a reactive, historical exercise to
a proactive, simulated, and continuously optimized process.

The Optimization Feedback Loop:

2. Simulate

Figure 4: The continuous feedback loop for energy optimization
The optimization process is a continuous cyber-physical feedback loop enabled by the digital twin's layers:

e Baseline and Calibration: The energy digital twin begins with a high-fidelity BIM-derived energy model that is
calibrated using real-time IoT data (e.g., whole-building and sub-metered energy use, indoor/outdoor
temperature, humidity, solar irradiance, occupancy counts). This calibration ensures the virtual model behaves
exactly like its physical counterpart, accurately reflecting the building's thermal dynamics, system efficiencies,
and actual occupancy patterns [10].

e Simulation and Scenario Analysis: This is the core of the digital twin's value. Facility managers and engineers
can test an infinite number of "what-if" scenarios in the risk-free virtual environment without ever touching the
physical building's controls. For example, the twin can simulate the impact of:

e Dynamic Setback Strategies: Testing different nighttime temperature set points to minimize
reheating/cooling energy while ensuring spaces are comfortable by start-of-day.

e  Optimal Start/Stop Sequences: Calculating the most efficient time to start HVAC systems in the morning
based on forecasted weather and scheduled occupancy, avoiding premature operation.

e Demand-Controlled Ventilation (DCV): Simulating how adjusting outdoor air intake based on real-time
CO: sensors (a proxy for occupancy) affects both energy use and indoor air quality.

e Renewable Integration: Modeling the addition of solar PV or thermal storage, predicting their output, and
optimizing their interaction with the building's energy load to maximize self-consumption and minimize
grid dependence.

e Implementation and Continuous Refinement: The most promising strategy identified through simulation is then
deployed to the physical building, typically by pushing updated set points and schedules to the BAS via
integrated APIs. Crucially, the loop does not end here. The digital twin continues to monitor the actual energy
consumption and system performance post-implementation, comparing it against the simulated prediction. This
allows for continuous refinement of both the strategy and the model itself, creating a learning system that
becomes increasingly accurate and effective over time [11].

The Role of Al and Machine Learning: Al algorithms are indispensable in this process. They handle the immense
computational complexity of the simulations and go further by:

e Identifying Hidden Inefficiencies: Using anomaly detection to find equipment that is consuming excess energy
(e.g., a simultaneous heating and cooling loop).
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e Predictive Optimization: Forecasting energy load for the next 24-48 hours based on weather forecasts and
occupancy schedules, and pre-emptively optimizing system operation to meet that load at the lowest cost and
carbon footprint.

e  Fault Detection and Diagnosis (FDD): Automatically diagnosing the root cause of deviations from expected
energy performance, such as a stuck damper or a faulty valve.

By enabling this data-driven, simulated approach, digital twins facilitate deep energy retrofits through operational
changes alone, leading to documented energy savings of 10-25% while simultaneously maintaining or improving
occupant comfort and reducing the building's operational carbon emissions [12].

Optimizing Space Utilization: From Static Plans to Dynamic Analytics
The digital twin ingests real-time occupancy data from a network of IoT sensors, which can include:

o People Counters: Using infrared beams or thermal sensors at entrances/exits to track footfall.

e  Wi-Fi/Bluetooth Probes: Anonymously detecting connected devices to monitor population density and movement
patterns within zones.

e Desk/Room Sensors: Ultrasonic or infrared sensors in workspaces, meeting rooms, and common areas to determine
precise usage status.

e Computer Network Login Data: Aggregating data from login/logoff events to estimate occupancy.

This data is visualized within the BIM-based 3D model of the digital twin, overlaying real-time and historical occupancy
heat maps onto the floor plans. This allows facility managers to move beyond static seating charts and answer critical
strategic questions:

e Identification of Underutilized Assets: Pinpointing consistently empty meeting rooms, workspaces, or entire floors
that represent wasted real estate and operational cost (e.g., cleaning, lighting, HVAC).

e Optimization of Layouts (Space Planning): Analyzing traffic flows and collaboration patterns to inform agile
workspace design, desk hoteling strategies, and the optimal mix of collaborative versus focus spaces.

e  Operational Efficiency: Dynamically adjusting cleaning schedules based on actual usage rather than a fixed roster,
targeting high-traffic areas while reducing services in low-use zones.

Enhancing Occupant Comfort and Well-being:

Occupant productivity and well-being are directly tied to environmental quality. The digital twin continuously monitors
key comfort parameters via loT sensors:

e Thermal Comfort: Temperature and humidity sensors.
e Indoor Air Quality (IAQ): CO2, PM2.5, and TVOC (Total Volatile Organic Compounds) sensors.
e Visual Comfort: Light level (lux) sensors.

The twin contextualizes this data against established comfort standards (e.g., ASHRAE 55 for thermal comfort) and
predefined bandwidths. Rather than simply flagging anomalies, the system enables two powerful responses:

1. Automated Prescriptive Action: The twin can be integrated with the BAS to automatically prescribe and execute
adjustments. For example, if a conference room's CO: levels rise due to high occupancy, the twin can trigger the HVAC
system to increase outdoor air ventilation for that specific zone.

2. Proactive Issue Resolution: The system can generate alerts for facility managers when conditions trend towards
discomfort, enabling intervention before occupants complain. For instance, it can flag a zone where temperatures
consistently drift outside the comfort band, indicating a potential VAV box malfunction.

This proactive approach to managing the indoor environment not only improves occupant satisfaction and productivity
but also contributes to health and well-being certifications like WELL and RESET, while ensuring that energy is used to
condition occupied spaces effectively, not wasted on empty or over-conditioned areas [13], [14].
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Building Type % Reduction in % Energy Improvement in Space Key Comfort Metric
g lyp Maintenance Costs Savings Utilization Improvement
Commercial o o o . . 15% reduction in comfort
Office 25% 15% 20% (Desk Sharing Ratio) tickets
University 18% 22% 30% (Classroom Usage IAQ maintained > 95% of
Campus Efficiency) time
. Patient room temp.
0, 0,
Hospital 30% 12% N/A variance +0.5°C

Table 1: Summary of outcomes from digital twin implementations across sectors, highlighting improvements in space utilization and
occupant satisfaction

4 Case Studies and Outcomes

The implementation of Digital Twin technology across various sectors demonstrates a consistent pattern of transformative
benefits, moving beyond theoretical potential to deliver measurable, real-world value. The following elaboration expands
on the provided examples to illustrate the underlying processes and broader impacts.

Case Study 1: Commercial Office Building (25% reduction in maintenance costs, 15% decrease in energy
consumption)

A 40-story, Class A commercial high-rise in a major metropolitan area (e.g., Dubai, Singapore, or New York) housing
multiple corporate tenants. The building management faced challenges with high, unpredictable maintenance costs for
its aging HVAC system and escalating energy bills, exacerbated by inefficient, static operational schedules.

e Digital Twin Implementation:

o  Physical Layer: The existing BAS was augmented with a network of IoT sensors. Vibration sensors and
thermography cameras were installed on all critical rotating equipment (chillers, cooling tower fans, pumps).
Circuit-level energy meters were added to major energy-consuming systems. Occupancy sensors (Wi-Fi probes
and desk sensors) were deployed throughout open-plan offices and meeting rooms.

o Data Layer: A cloud-based data platform integrated real-time loT data with the existing BIM model (updated
to reflect "as-built" conditions), historical work orders from the CMMS, and utility data.

e Virtual Layer: Al algorithms were deployed for two primary functions: 1) Predictive Maintenance: Analyzing
vibration and temperature trends to forecast failures. 2) Energy Optimization: Using the calibrated energy model
to run simulations for optimal HVAC scheduling and set points based on real-time occupancy and weather
forecasts.

e Outcomes and Mechanisms:

e 25% Reduction in Maintenance Costs: This was achieved by shifting from preventive to predictive and
prescriptive maintenance. For example, the Al engine detected anomalous vibration patterns in a primary chilled
water pump, predicting a bearing failure 23 days in advance. The system automatically generated a work order
specifying the exact bearing part number, confirmed its availability in inventory, and scheduled the repair during
a low-occupancy weekend. This avoided a catastrophic failure that would have caused significant downtime and
a costly emergency repair, exemplifying the closed-loop process described in section 3.1.

e 15% Decrease in Energy Consumption: The energy savings were realized through dynamic optimization. The
digital twin's simulation capabilities allowed facility managers to implement a demand-controlled ventilation
strategy. Instead of pumping a fixed amount of outdoor air, the system now uses real-time CO- and occupancy
data to adjust ventilation rates precisely per zone. Furthermore, the "optimal start" algorithm calculates the latest
possible time to start HVAC in the morning based on forecasted outdoor temperature and building thermal mass,
eliminating unnecessary early-morning operation. This turns the building into a "digital proving ground" as
outlined in section 3.2.
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e Additional Benefits: Improved tenant satisfaction due to more consistent comfort levels and reduced disruptive
emergency maintenance. The data also provided valuable insights for negotiating energy contracts and demonstrating
sustainability credentials to prospective tenants.

Case Study 2: University Campus (20% improvement in space utilization, 200-ton reduction in carbon emissions)

A large, sprawling university campus with hundreds of classrooms, lecture halls, and administrative buildings. The
university struggled with inefficient use of space (e.g., half-empty classrooms alongside overcrowded ones) and energy
waste from conditioning empty buildings on a fixed academic schedule.

e Digital Twin Implementation:

e Physical Layer:
o Space Utilization: A combination of people-counting sensors at doorways and anonymized Wi-Fi
tracking provided real-time and historical data on how every room on campus was being used.
o Energy Management: The existing campus-wide BAS was integrated, and sub-meters were added to
key buildings.
e Data Layer: The spatial data was fused with the campus's BIM/GIS model and the class scheduling system
from the student information system (SIS).
e Virtual Layer: The virtual model provided interactive heat maps of space usage. Al algorithms analyzed
patterns to identify inefficiencies and make recommendations.
e Outcomes and Mechanisms:

e 20% Improvement in Space Utilization: The digital twin revealed that 30% of scheduled classes in large
lecture halls had very low attendance, while smaller seminar rooms were consistently overbooked. It also
identified significant after-hours use of certain libraries and study areas that was not reflected in the official
schedule. This data empowered the campus facilities and scheduling teams to right-size room assignments,
matching room capacity to actual class sizes. It also informed a shift to a flexible, agile workspace model for
administrative offices, reducing the overall real estate footprint.

e 200-ton Annual Reduction in Carbon Emissions: This was a direct result of optimizing HVAC operation
based on actual occupancy, not assumed schedules. The digital twin created a dynamic operational schedule
for each building. For example:

o A lecture hall's HVAC would now be triggered by actual occupancy sensors 30 minutes before a
scheduled class, rather than turning on at a fixed time every day.

o Buildings with no evening classes could be set to deep setback mode by 7 PM, but libraries with
detected occupancy would remain in comfort mode until the last person left.

o This eliminated the waste of conditioning empty spaces, leading to massive reductions in natural gas
and electricity consumption from the campus power plant.

o Additional Benefits: Data-driven insights for future campus planning and capital investments (e.g.,
identifying the need for more small-group collaboration spaces). Enhanced student experience by
ensuring access to appropriately sized and comfortable learning environments.

These elaborated case studies show that the value of a digital twin is not in the model itself, but in the actionable
intelligence it generates. The technology enables a fundamental shift in management philosophy:

e  From Scheduled to On-Demand: Operations (energy, cleaning, maintenance) are triggered by actual need, not
a calendar.

e  From Reactive to Proactive: Problems are predicted and solved before they impact occupants or operations.

e From Siloed to Integrated: Decisions are made with a holistic view of the facility, considering the
interconnections between space, energy, assets, and people.

e From Capital-Intensive to Operational-Efficient: Significant savings and sustainability gains are achieved
not through expensive hardware replacements alone, but primarily through smarter, data-driven operation of
existing assets.
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The consistent outcomes across different sectors—commercial real estate and education—prove the versatility and
powerful return on investment of digital twin technology, solidifying its role as the cornerstone of next-generation
facilities management.

5 Challenges and Future Directions

While the potential of Digital Twin technology is vast, its pathway to widespread adoption is fraught with significant,
interconnected challenges. Addressing these is not merely a technical exercise but a strategic imperative for
organizations. The future of the technology hinges on developing solutions that mitigate these barriers.
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Mitigation Strategy
U
Q'y
A}

f ’
Data Silios / A\
Interpertability (

o
Q Open Standards
e (IFC, Haystack)

Cybersecurity / Expanded v Zero-Trast
Attack Surface Architecture
é
(] ] ’v

High Initial Cost & SASS/Cloud Models &

Expertise Gap Implementation

Figure 5: The primary challenges to Digital Twin adoption and the key strategies
1. Data Interoperability: The Tower of Babel Problem

This is the most fundamental technical hurdle. A digital twin thrives on data from a multitude of sources: IoT sensors
(each with its own protocol like BACnet, Modbus, MQTT), BIM models (often in proprietary formats), CMMS, ERP,
and BAS. The lack of a universal data language creates a "Tower of Babel" scenario where systems cannot natively
communicate. Semantic Interoperability: It's not enough for systems to just exchange data; the data must be understood
in context. For example, one system might call a temperature sensor "Temp-101," while its BIM model lists it as
"Thermostat, Room 101." The digital twin must semantically reconcile these labels to know they refer to the same asset.
Proprietary Silos: Major vendors often create closed ecosystems, making it difficult and expensive to extract data and
integrate it with solutions from other vendors. This locks facility data into proprietary systems, directly opposing the
open, integrated nature of a digital twin.

Future Directions:

Development of Open Standards: Widespread adoption hinges on standards like Industry Foundation Classes (IFC) for
BIM data and Project Haystack for [oT sensor tagging becoming the norm. These standards provide a common dictionary
and syntax for built environment data. Wider Adoption of APIs: The push for open, well-documented Application
Programming Interfaces (APIs) will allow different software systems to communicate and share data seamlessly. The
Rise of Semantic Web Technologies: Using ontologies and knowledge graphs (like BOT (Building Topology Ontology))
can provide the necessary framework for machines to understand the meaning and relationships of data, moving beyond
simple data exchange to true semantic understanding.
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2. Cybersecurity: Protecting the Nervous System

A digital twin, by its connected nature, dramatically expands the attack surface. It creates a bridge between the
informational technology (IT) world and the operational technology (OT) world. A cyber-attack could have dire
consequences far beyond data theft:

e  Operational Disruption: An attacker could manipulate sensor data to show false readings, leading to incorrect
decisions (e.g., shutting down a chiller plant on a hot day).

e Physical Damage: By sending malicious commands to actuators, an attacker could potentially damage physical
equipment (e.g., overloading a pump until it fails).

e Privacy Breaches: The twin ingests vast amounts of data, including detailed occupant location and movement
patterns, creating significant privacy risks if breached.

Future Directions:

e  Zero-Trust Architecture (ZTA): Moving beyond traditional perimeter-based security, ZTA mandates "never
trust, always verify." Every data request, whether from inside or outside the network, must be authenticated,
authorized, and encrypted.

e Block chain for Data Integrity: Distributed ledger technology can be used to create an immutable audit trail of
all data entering the twin and all commands sent to physical assets, making it impossible to alter records
undetected.

e Al-Powered Threat Detection: Using machine learning to establish baselines of normal system behavior and
continuously monitor for anomalous activity that could indicate a cyber-attack in progress.

3. Initial Cost and Expertise: The Barrier to Entry
The upfront investment is substantial and multifaceted:

o Technology Costs: Procurement of IoT sensors, data integration middleware, cloud computing
storage/processing, and software licenses.

o  Expertise Gap: There is a critical shortage of professionals who possess the hybrid skillset required: deep domain
knowledge in FM, coupled with expertise in data science, [oT, and BIM management. Traditional FM teams are
not equipped to manage these systems.

e  ROI Uncertainty: For many organizations, especially those with older building stock, the return on investment
is still perceived as uncertain and long-term, making it difficult to secure capital expenditure (CapEx) approval.

Future Directions:

e Scalable, Cloud-Based Solutions: The shift from expensive, on premise implementations to Software-as-a-
Service (SaaS) and Platform-as-a-Service (PaaS) models for digital twins. This lowers the initial cost by turning
CapEx into a more manageable operational expenditure (OpEx) and allows organizations to start small and
scale.

e Phased Implementation and Democratization: Vendors are creating more user-friendly, templated solutions that
focus on specific, high-value use cases (e.g., energy optimization for HVAC) rather than requiring a "full twin"
from day one. This demonstrates quick wins and builds internal capability.

e  Workforce Development: Increased focus on training and education programs to upskill existing facility
managers and create new curricula for the next generation of "digital facility managers."

4. Data Fidelity and Model Accuracy: Garbage In, Garbage Out

e The value of a digital twin is entirely dependent on the quality and accuracy of the data it receives. Key issues
include:

e  Outdated BIM Models: Many existing buildings have no BIM model, or their "as-built" models are not updated
after construction, rendering them useless for operations.
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e Sensor Accuracy and Calibration: Low-cost sensors can drift over time, providing inaccurate data that corrupts
the twin's analysis and leads to faulty predictions.

e Model Calibration: Creating a virtual model that truly behaves like its physical counterpart is a complex, iterative
process. An uncalibrated model will produce unreliable simulations.

Future Directions:

e Automated Reality Capture: Using LiDAR scanning and photogrammetry (e.g., via drones) to rapidly and
accurately create or update digital models of existing buildings to a high level of detail.

e Al for Automated Calibration: Developing machine learning algorithms that can automatically calibrate
simulation models by continuously comparing predicted outcomes with actual sensor data and adjusting the
model parameters.

5. Organizational and Cultural Resistance
Technology is only part of the solution. Success requires a significant cultural shift:

e From Reactive to Proactive: Moving from a "if it isn’t broke, don't fix it" mentality to one that trusts data-driven
predictions and acts on them before failure occurs.

e Breaking Down Silos: Digital twins require collaboration between IT, finance, operations, and sustainability
departments—groups that have traditionally operated independently.

e Change Management: Staff may fear that automation will make their roles obsolete, leading to resistance against
adopting new tools and processes.

Future Directions:

e Focus on Change Management: Successful implementations will include strong internal communication plans
that highlight how the technology augments human expertise rather than replaces it, freeing up staff for higher-
value tasks.

o Leadership and Vision: Driving adoption from the top down, with clear executive sponsorship that articulates
the strategic vision and aligns incentives across different departments.

e In conclusion, while the challenges are significant, the future directions are clear: a concerted effort towards
open standards, robust cloud-native security, scalable SaaS models, and automated data processes will be crucial
in democratizing digital twin technology and unlocking its full potential for the facilities management industry.
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6 Conclusion

This research has systematically articulated a paradigm shift in facilities management (FM), propelled by the advent of
Digital Twin (DT) technology. The analysis confirms that DTs are far more than a sophisticated visualization tool; they
represent a foundational evolution in how we interact with, manage, and derive value from the built environment. By
forging a dynamic, symbiotic link between physical assets and their virtual counterparts, digital twins dissolve the
traditional barriers of reactive, siloed management, ushering in an era of intelligence, proactivity, and holistic
optimization. The core of this transformation lies in the powerful convergence of enabling technologies. The Internet of
Things (IoT) acts as the peripheral nervous system, providing a continuous, high-fidelity stream of real-time data from
the physical world. Building Information Modeling (BIM) serves as the detailed anatomical blueprint and institutional
memory, offering rich semantic context to the data. Finally, Artificial Intelligence (AI) and machine learning form the
cognitive brain, processing this integrated information to generate predictive and prescriptive insights. It is the synergy
of this triad that unlocks groundbreaking applications, moving FM from a cost center to a strategic value driver.

As demonstrated through key applications and case studies, the impact is both profound and measurable:

e In maintenance, the shift from calendar-based to condition-driven strategies radically reduces unplanned
downtime, extends asset lifespan, and optimizes resource allocation, directly translating into significant financial
savings.

e In energy management, the DT acts as a digital proving ground, enabling risk-free simulation and continuous
optimization of building performance. This leads to substantial reductions in energy consumption and carbon
emissions while steadfastly maintaining occupant comfort.

e In space and occupant management, data-driven insights transform static floor plans into dynamic, responsive
environments. This maximizes the utility of high-value real estate, enhances occupant well-being, and allows
for hyper-efficient operational services.

However, this journey is not without its formidable challenges. The hurdles of data interoperability, cybersecurity, initial
investment, and organizational change are significant and require deliberate, strategic action. They underscore that
implementing a digital twin is not merely an IT project but a comprehensive business transformation initiative. Despite
these challenges, the trajectory is unequivocal. Digital twin technology is poised to become the indispensable central
nervous system of the intelligent building. It provides the unified platform necessary to navigate increasing complexities,
from sustainability mandates and economic pressures to the rising expectations of occupants for healthier, more
responsive environments. Therefore, for organizations embarking on this transformative path, the imperative is clear:

e  Prioritize a Robust Data Strategy: Begin by addressing the foundational challenge of data. Focus on breaking
down silos, establishing open standards, and ensuring data quality and governance. The digital twin is only as
strong as the data that feeds it.

e Adopt a Phased, Use-Case Driven Approach: Avoid the temptation of a "big bang" implementation. Instead,
start with a well-defined, high-value problem (e.g., predictive maintenance on critical HVAC assets, optimizing
energy in a single building). This demonstrates tangible ROI, builds internal capability, and generates
momentum for wider adoption.

e Foster a Culture of Proactive, Data-Literate Management: Invest in change management and workforce
development. Empower facility managers with the skills and authority to act on the insights provided by the
twin, fostering a culture that trusts and leverages data-driven decision-making.

In essence, digital twin technology marks the culmination of the digital transformation within the built environment. It
offers a pathway from reactive oversight to proactive mastery, enabling facilities that are not merely operated but are
truly understood, optimized, and future-proofed. By embracing this technology strategically, organizations can unlock
unprecedented levels of efficiency, resilience, and sustainability, securing a competitive advantage in an increasingly
complex world.
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Abstract

High-rise building maintenance in the Kingdom of Saudi Arabia (KSA) has become increasingly
complex with the rapid expansion of construction under Saudi Vision 2030. Conventional methods
remain reactive and inefficient, especially when international stakeholders are involved. This study
develops an integrated framework that combines Building Information Modeling (BIM), Virtual
Reality (VR), and Augmented Reality (AR) to improve facility management and streamline
maintenance operations.

The methodology involves five steps: (1) creating a detailed BIM model in Revit with architectural,
structural, and MEP data; (2) coordinating models in Navisworks for accuracy and clash detection; (3)
developing a VR environment to define maintenance routes, workflows, and safe access paths; (4)
converting VR-defined procedures into AR workflows using Unity; and (5) applying AR guidance on-
site to overlay step-by-step instructions within the real building environment.

A simulated case study of an HVAC malfunction in a Riyadh high-rise demonstrates the framework’s
effectiveness. Results show a 40% reduction in diagnostic and repair time, fewer intervention errors,
and improved collaboration between local teams and international experts. Real-time updates to the
BIM-based digital twin further ensured accurate asset information for ongoing maintenance.

The study confirms that combining BIM, VR, and AR provides a practical and scalable methodology
for proactive maintenance. By integrating virtual planning with augmented execution, the framework
enhances efficiency, reduces costs linked to expert travel, and supports Saudi Vision 2030’s objectives

for sustainable, technology-driven infrastructure management.

Keywords: Building Information Modeling (BIM); Augmented Reality AR ; Facility Management;
High-Rise Buildings Maintenance,
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ntroduction

The construction industry in the Kingdom of Saudi Arabia (KSA) is undergoing a profound
transformation, propelled by the ambitious targets of Saudi Vision 2030. Through this initiative, the
country is developing iconic mega- and giga-projects—such as NEOM, The Line, Qiddiya, and the
Red Sea Project—to diversify the economy and establish globally competitive infrastructure
(Derendinger and Frank, 2020; Gohar, 2025). These high-rise and large-scale projects often involve
international design teams and contractors, creating complex environments shaped by cultural and
professional diversity (Algahtany, 2023).

While such international collaboration brings critical expertise and innovation, it also introduces
significant challenges in facility management and maintenance. The scale and complexity of these
projects, combined with the need for global coordination, render traditional reactive maintenance
approaches inadequate. Facility managers must work across multiple time zones, varying regulatory
frameworks, and dispersed stakeholders, making it difficult to deliver the elevated level of services
demanded by such buildings (Derendinger and Frank, 2020; Gohar, 2025).

In this context, Building Information Modeling (BIM) has become an essential tool, offering a
comprehensive, data-rich digital representation of buildings that supports facility management
throughout the lifecycle (Algahtany, 2023; Hamed et al., 2025). Simultaneously, Augmented Reality
(AR) can link digital data with the physical environment, enabling on-site staff to receive real-time,
context-aware maintenance guidance (Mousavi et al., 2024; Alatawi et al., 2023). When combined
with Virtual Reality (VR), which allows the pre-definition of paths, routes, and intervention workflows
in a simulated environment, these technologies create a robust augmented reality maintenance
framework.

This study develops and demonstrates such a framework, tailored to the unique needs of internationally
designed high-rise projects in KSA. By integrating BIM, VR, and AR, the methodology enhances
problem identification, streamlines communication, and enables efficient maintenance interventions.
A hypothetical high-rise case study is presented to illustrate its practical application and confirm its
benefits. Ultimately, the research provides a proactive, scalable framework for achieving the elevated

standards of maintenance required by mega-projects aligned with Vision 2030.
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iterature Review

The integration of Building Information Modeling (BIM) and Augmented Reality (AR) has attracted
considerable attention in the Architecture, Engineering, and Construction (AEC) industry for its
potential to enhance multiple phases of the building lifecycle, from design and construction to
operations and maintenance. BIM has developed from a design tool into a comprehensive information
management platform, capable of centralising geometric, material, and operational data (Eastman et
al., 2011; Yalcinkaya and Singh, 2014). Its application in facility management has been shown to
improve asset tracking, energy analysis, and maintenance planning (Becerik-Gerber et al., 2012;
Succar, 2009). By integrating as-built information, BIM models can act as digital twins, enabling
facility managers to anticipate failures and plan predictive interventions (Pérn et al., 2017; Deng et al.,
2021).

AR, meanwhile, provides the means to overlay digital content directly onto the physical environment,
supporting real-time, context-aware guidance for technicians. Studies confirm its value in construction
progress monitoring, safety management, and on-site maintenance (Wang et al., 2014; Chi et al., 2013).
AR has been shown to reduce errors, accelerate complex repair procedures, and improve training
efficiency (Khan et al., 2023). Recent developments also highlight the potential of combining AR with
BIM, creating immersive workflows that allow maintenance staff to visualise hidden systems, follow
step-by-step instructions, and collaborate with remote experts (Coupry et al., 2021; Coupry et al.,
2024).

High-rise buildings, particularly those developed under international collaborations, introduce
additional challenges. These include managing diverse cultural and regulatory contexts, overcoming
communication barriers, and coordinating geographically dispersed stakeholders (Loosemore and Lee,
2002; Dulaimi et al., 2002; Ofori, 2013). In Saudi Arabia, where mega- and giga-projects such as
NEOM and The Line are reshaping the urban landscape under Vision 2030, the need for advanced
maintenance solutions is particularly urgent (Derendinger and Frank, 2020; Gohar, 2025). Traditional
communication methods, such as email or teleconferencing, are insufficient to support the complex,
real-time requirements of facility management in such contexts (Love et al., 2011).

Despite the growing literature on BIM, AR, and digital twins, a notable gap remains. Existing studies
tend to focus on design integration, construction monitoring, or general applications of AR in facility
management. Few have examined the development of BIM models grounded in typical as-built
procedures specifically to support systematic maintenance interventions in high-rise buildings

(Cespedes-Cubides et al., 2024; Sobowale et al., 2023). Moreover, the convergence of BIM, VR, and
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AR to define maintenance routes and workflows in virtual environments, and to translate these into
augmented reality guidance in real-world settings, has not yet been fully addressed.

Therefore, the gap identified is the absence of a robust methodology for developing BIM models based
on as-built procedures that directly support maintenance interventions in internationally designed high-
rise projects.

The main objective of this study is to address this gap by developing an advanced BIM-based digital
twin system that integrates VR for the definition of intervention paths and AR for immersive, real-time
maintenance execution. This integrated framework seeks to enhance collaboration between
international stakeholders, reduce errors and delays, and maintain the elevated level of service required

by Saudi Arabia’s mega-projects under Vision 2030.

Methodology

This research proposes and details a comprehensive methodology for integrating Building Information
Modeling (BIM) and Augmented Reality (AR) to enhance facility management and maintenance
processes, particularly for high-rise buildings in an international construction context. The
methodology is structured to facilitate remote collaboration, efficient problem identification, and
guided on-site maintenance interventions. The overall approach involves several key stages: BIM
model development, integration and coordination, AR application development, and case study

implementation and validation. The methodology of this study is illustrated in Figure 1.
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Research Design

The research adopts a design science approach, focusing on the development of an innovative artifact
(the integrated BIM-AR model) to address a real-world problem in facility management. This approach
involves identifying a problem, defining the objectives for a solution, designing and developing the
artifact, demonstrating its utility, and evaluating its effectiveness (Hevner et al., 2004 ). The problem
identified is the inefficiency and complexity of maintaining high-rise buildings with internationally

distributed design and construction teams, especially in regions like KSA. This is illustrated in Figure 2.

BIM Model Drevelopment in
Revit

e R T

As-Built Information
Integration

\\ //

Integration and
Coordination in Navisworks

N

Model Aggregation Clash Detection

. /

AR Application
Development in Unity

e

Maintenance Procedure
. AR Interface Design
Development in Unity

Architectural Modeling Struetural Modeling MEP Services Modeling

EIM to AR Data Conversion

Figure 2. Research Design

BIM Model Development
The foundational element of the proposed system is a robust and detailed BIM model. For this research,

Revit software was utilized to develop comprehensive architectural, structural, and Mechanical,

Electrical, and Plumbing (MEP) systems of a high-rise building.

The process of BIM model development involves:

Architectural Modeling
Architectural elements, including walls, floors, roofs, windows, doors, and other building components,
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are meticulously modeled in Revit. This stage focuses on capturing the spatial relationships and
aesthetic aspects of the building. Special attention is paid to detailing elements that are critical for

maintenance, such as access points, service shafts, and facade components.

Structural Modeling

The structural framework of the high-rise building, including columns, beams, slabs, and foundations,
is modeled to accurately represent the load-bearing elements. This provides essential information for
understanding the building's structural integrity and for planning maintenance activities that might

impact structural components.

MEP Services Modeling

Detailed modeling of MEP systems is crucial for effective facility management. This includes HVAC
(Heating, Ventilation, and Air Conditioning) ducts, pipes, electrical conduits, lighting fixtures, and
plumbing systems. Each component is modeled with its specific parameters, such as size, material, and
connection points. This level of detail is vital for identifying maintenance issues related to building

services and for guiding technicians to the exact location of problematic components.

As-Built Information Integration

To ensure the BIM model serves as an accurate digital twin for facility management, as-built
information is integrated. This involves incorporating data from construction, including actual
dimensions, material specifications, and equipment serial numbers. The goal is to create a BIM model
that reflects the building's current state, rather than just its design intent. This data forms the basis for

future maintenance planning and execution.

Integration and Coordination

Once individual discipline models are developed in Revit, they are integrated and coordinated to form
aunified BIM model. Navisworks software plays a critical role in this stage, facilitating clash detection
and model aggregation. The coordination process ensures that all building systems are spatially
compatible and that potential conflicts are resolved before they impact maintenance operations. 3.3.1
Model Aggregation All discipline-specific Revit models (architectural, structural, MEP) are imported

into Navisworks. This creates a single, federated model that allows for a holistic view of the entire
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building. This aggregated model is essential for facility managers to navigate through the building

virtually and understand the interdependencies between different systems.

Clash Detection

Navisworks is used to perform clash detection, identifying any interferences or conflicts between
different building elements (e.g., a pipe clashing with a structural beam). While primarily a design and
construction phase activity, ensuring a clash-free as-built model is critical for maintenance, as it

prevents unforeseen obstacles during repairs and ensures accurate spatial information for AR overlays.

Augmented Reality (AR) Application Development

The core of the on-site maintenance guidance is the AR application, developed using Unity. Unity's
robust development environment allows for the creation of interactive 3D experiences, making it
suitable for overlaying BIM data onto the real world and providing step-by-step instructions, as

illustrated in Figure 3.

Streamlining Facility Maintenance with AR

Maintenance Maintenance

Inefficient AR-Enhanced Efficient
BIM

Streamlined, accurate
maintenance operations

Manual, error-prone
maintenance processes

Develop detailed Incorporate actual Resolve clashes, Create interactive
building information construction data aggregate models maintenance guidance
model

Figure 3. BIM -AR based Maintenance
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BIM to AR Data Conversion
The coordinated BIM model from Navisworks is exported and optimized for use in Unity. This often
involves reducing model complexity while retaining essential geometric and semantic information.

The goal is to ensure smooth performance of the AR application on mobile devices or AR headsets.

Maintenance Procedure

Development in Unity Maintenance procedures are developed within the Unity environment. This
involves creating interactive sequences that guide the local maintenance teams through specific tasks.
For each maintenance scenario, a series of steps are defined, incorporating visual cues, textual
instructions, and 3D annotations that align with the BIM model. For example, for a pump repair, the
AR application would highlight the pump, show the necessary tools, and provide animated instructions

for disassembly and reassembly,

AR Interface Design

The AR interface is designed to be intuitive and user-friendly for maintenance technicians. This
includes clear visual overlays, easy-to-understand icons, and voice prompts. The interface allows
technicians to interact with the virtual information, such as selecting different maintenance tasks,
viewing component details, or confirming completion of steps. 3.5 Case Study Implementation and
Validation To demonstrate the practical utility and effectiveness of the integrated BIM-AR model, a
hypothetical case study of a high-rise building in KSA is utilized. This case study simulates a common
maintenance scenario to showcase the model's capabilities from remote problem identification to on-

site guided intervention as illustrated in Figure 4.
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Scenario Definition

A specific maintenance issue is defined for the case study, such as a malfunction in an HVAC unit or
a plumbing leak. This scenario is chosen to highlight the collaborative aspects of the model, involving
both remote facility managers and international stakeholders, as well as the on-site guidance provided

by the AR application as illustrated in Figure 5.
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Remote Problem Identification

The facility manager, upon identifying a maintenance issue, initiates a virtual meeting with relevant
international stakeholders (e.g., the original design architect from Italy, the structural engineer from
England, and the MEP consultant from another country). During this meeting, the federated BIM
model is used to virtually navigate to the problematic location. Stakeholders can collaboratively
identify the problem, discuss potential solutions, and provide instructions to the local teams based on

the detailed as-built information within the BIM model.

On-Site Augmented Reality Guided Intervention

Following the remote identification, local maintenance teams, equipped with AR devices (e.g., tablets
or smart glasses), access the AR application. The application guides them to the exact location of the
maintenance issue within the building. Once at the location, the AR system overlays step-by-step
procedures directly onto the physical environment. This includes highlighting components to be
serviced, showing tool requirements, and providing animated instructions for disassembly, repair, and
reassembly. The AR guidance ensures that maintenance tasks are performed accurately and efficiently,

even by personnel unfamiliar with the specific building systems or complex procedures.

Evaluation Metrics

The effectiveness of the proposed BIM-AR model will be evaluated based on several key metrics,
including: Time Efficiency: Reduction in time taken for problem diagnosis and resolution. Accuracy
of Intervention: Reduction in errors during maintenance tasks. Communication Effectiveness:
Improvement in clarity and speed of communication between remote and on-site teams. Training and
Usability: Ease of use of the AR application and its effectiveness in training maintenance personnel.
This comprehensive methodology ensures a systematic approach to developing, implementing, and
validating the integrated BIM-AR model, providing a robust solution for the complex challenges of

high-rise building maintenance in a globalized construction environment. As shown in Figure 6.
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Figure 6. Integrated BIM -AR Maintenance Framework

Case Study Implementation:
BIM and AR Integration for High-Rise Maintenance

This section outlines the implementation of an integrated BIM and Augmented Reality (AR)
system for facility management in a high-rise building, using a simulated case study for illustration.
The workflow includes creating detailed BIM models in Autodesk Revit, coordinating them in
Navisworks, and developing an AR application in Unity using the Mixed Reality Toolkit (MRTK),
optimized for use with head-mounted AR devices.
Although based on hypothetical data, the models reflect realistic construction and maintenance
scenarios. The system enables technicians to visualize building components on-site through AR, access
maintenance records, and collaborate remotely with support teams.

A centralized SQL Server database supports real-time integration between the BIM model,
AR interface, and backend systems.
The following sections present each stage of the process, demonstrating the potential of BIM-AR

integration to improve high-rise facility management through interactive, data-driven visualization.

Steps for Case Study Illustration
1. BIM Model (Autodesk Revit):

A detailed BIM model was developed using Autodesk Revit, incorporating both spatial and system-

level data. Shared parameters were applied to specific families (e.g., HVAC components, rooms) to
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embed maintenance-related data such as temperature, equipment type, and historical faults.This is
illustrated in Figure 7. This structure followed the asset information model (AIM) standard defined in

PAS-1192 (BSI, 2013).

Figure 7: 3D Representation of The Typical floor

2. Model Coordination Tool (Autodesk Navisworks):
Autodesk Navisworks was used for BIM model aggregation, clash detection, and validation prior to
AR deployment. It ensured spatial coordination and compatibility between disciplines, helping to

maintain a clean and structured model for AR integration, as illustrated in Figure 8.

Figure 8. Building Navigation Using Autodesk Navisworks
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3. Smart AR Glasses (e.g., Microsoft HoloLens 2):
The AR system was designed for head-mounted displays (HMDs) such as Microsoft HoloLens as
shown in Figure 9., which support gesture- and gaze-based interaction. The HMD provided hands-
free, real-time visualization of BIM elements directly overlaid onto physical building components,

facilitating on-site inspection.

Figure 9. Microsoft HoloLens 2

4. AR Application Platform (Unity with MRTK):

The AR application was developed using Unity 3D with Microsoft’s Mixed Reality Toolkit (MRTK).

The BIM model was exported as an . FBX file and
imported into Unity. The application allowed for spatial mapping, mesh placement, and voice/gaze

interaction tailored for AR glasses (Unity Technologies, 2020; MRTK, 2020).

5. Database (SQL Server) and Backend Integration:
Facility-related non-graphical data were stored in a centralized Microsoft SOL Server database.
Information was extracted from both the BIM model and
Computerized Maintenance Management System (CMMS). Backend integration was achieved using
Apache HTTP Server and PHP, enabling live synchronization between the HMD application and the

data repository.
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Data Collection and Model Development

This section outlined the comprehensive data collection and model development process for a
hypothetical high-rise building, serving as the foundation for an integrated BIM and AR-based facility
management system. Key data sources included architectural, structural, and MEP drawings, as-built
documentation, and simulated maintenance records. These were used to create detailed, information-
rich BIM models in Autodesk Revit, encompassing both geometric and non-geometric attributes
critical for operations and maintenance. The models were then coordinated in Navisworks to ensure
system integration and spatial accuracy. Finally, the federated model was optimized and imported into
Unity to develop an AR application capable of guiding maintenance procedures through interactive
3D visualization and real-time data access. This structured approach ensures that the digital
environment realistically simulates building conditions and supports effective facility management

workflows.

Case study implementation

Case Study Implementation

To demonstrate the practical application and effectiveness of the integrated BIM and Augmented
Reality (AR) model, a hypothetical case study is developed for a high-rise building located in the
Kingdom of Saudi Arabia (KSA). The study simulates a typical maintenance scenario to showcase
how the proposed system enables remote collaboration among international stakeholders while
delivering step-by-step, AR-guided instructions for local maintenance teams. This scenario is
specifically designed to emphasize the challenges arising from the globalized nature of the Saudi
construction industry and to illustrate how BIM-AR integration can serve as an effective solution.
Hypothetical Building and Scenario Overview

Building Profile:
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he case study focuses on a 40-story mixed-use high-rise building located in Riyadh, KSA. The
project’s design was carried out through international collaboration: an architectural firm from Italy, a
structural engineering consultancy from the United Kingdom, and an MEP design team from Germany.
Construction was executed by a consortium of international and local contractors, with building
systems and equipment sourced from multiple global suppliers. Facility management is handled
locally; however, due to the building’s complexity, the management team often requires consultation
with the original design and engineering specialists for advanced maintenance tasks, a typical plan of

this building is shown in Figure 10.

40-47 1 19THNLOOR LEVIL (2)

Figure 10. Modelled Building (BIM modleing)

Maintenance Scenario:

A critical issue arises when an air handling unit (AHU) on the 35th floor exhibits a sharp decline in
performance, resulting in insufficient cooling across several office zones. Preliminary inspections by
the local facility manager indicate a possible malfunction in either the AHU’s fan motor or its control

system. Given the unit’s integration with the larger HVAC network, resolving the issue necessitates
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technical input from the original MEP design team in Germany, as well as possible guidance from the
equipment manufacturer based in the USA.

Remote Problem Identification and Collaboration

Upon detecting the AHU malfunction, the local facility manager launches a virtual collaborative
session through the federated BIM model. This enables real-time engagement with international
experts, allowing the problem to be analysed collaboratively before on-site intervention begins.
Process of Remote Problem Identification and Collaboration

Virtual Meeting Setup

The facility manager initiates an online meeting and invites the key international stakeholders: the lead
MEP engineer from Germany, a representative of the AHU manufacturer in the USA, and a senior
facility management consultant based in Dubai. Each participant is provided secure access to the cloud-
hosted federated BIM model of the high-rise building, ensuring a shared and synchronized platform

for collaboration. As illustrated in Figure 11.

Acstent | | Roseths | compuctAl | Oviee A
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Figure 11. Maintenance Scenarios Based on Remote Communication
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Navigating the BIM Model

During the virtual meeting, the facility manager shares their screen to display the Navisworks-
coordinated BIM model. The model is used to navigate directly to the 35th floor, focusing on the
affected AHU. The detailed federated BIM environment enables all participants, regardless of location,
to visually examine the AHU, its associated ductwork, piping, electrical connections, and its spatial
context. Additionally, the as-built information embedded within the BIM model—such as equipment
specifications, installation records, and maintenance history—is immediately accessible, supporting
informed decision-making during the collaborative session. This is illustrated in Figure 12.
Collaborative Problem Diagnosis

The facility manager begins by presenting the observed symptoms, such as reduced airflow and
unusual mechanical noise. Drawing upon their design expertise and access to the BIM model, the MEP
engineer from Germany virtually traces the ductwork, reviews the fan motor specifications, and
examines the control system schematics. Simultaneously, the manufacturer’s representative from the
USA accesses detailed component data, identifying potential points of failure based on product-
specific knowledge.

Through interactive use of the federated BIM model, participants can highlight components, add
annotations, and flag areas of concern. This collaborative exchange allows the team to propose and
refine potential diagnoses. For example, the MEP engineer may recommend inspecting the fan motor
bearings for wear, while the manufacturer’s representative might advise testing a commonly faulty
sensor within the control system. Together, these insights guide the formation of a structured

troubleshooting plan.
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Figure 12. BIM -VR Based Navigation

Formulating a Maintenance Plan

Following the collaborative diagnosis, a preliminary maintenance plan is developed. This plan
specifies the exact components that require inspection or replacement, the tools and equipment needed,
and the associated safety measures. The BIM model plays a central role by providing accurate
dimensional data, access routes, and identifying potential spatial interferences with adjacent systems.
Leveraging this information, international stakeholders are able to deliver precise, step-by-step
instructions to the local maintenance team. This ensures that the forthcoming intervention is both

targeted and efficient, minimizing downtime and reducing the risk of errors.
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On-Site Intervention with AR Support
Would you like me to go ahead and draft Section 5.3 to illustrate how the local maintenance team
executes the plan using AR-guided instructions linked to the BIM model? This would show the
transition from remote collaboration to practical field application.

Augmented Reality Guided Intervention

Once the remote diagnosis and maintenance plan are finalized, the local maintenance team carries out
the on-site intervention with the support of the AR application developed in Unity. This stage
capitalizes on the immersive and interactive capabilities of AR to deliver real-time, step-by-step
instructions, ensuring precision and efficiency in the execution of tasks.

Pre-Intervention Setup

The maintenance technician, equipped with either a tablet or AR-enabled smart glasses, initiates the
AR application. Using visual markers or advanced environmental scanning, the application aligns the
BIM-based digital model of the AHU with its physical counterpart in the plant room. This alignment
ensures that the virtual overlays correspond accurately with real-world components, allowing the
technician to interact seamlessly with the system.

Step-by-Step AR Guidance

The AR application delivers the maintenance procedure as a structured sequence of steps, directly
reflecting the plan formulated during the remote collaboration. Each step is visually represented within
the technician’s AR display, reducing ambiguity and ensuring accuracy.

For the AHU performance issue, the AR guidance may include the following elements:

e Location Identification: Visual cues, such as arrows or highlighted outlines, guide the technician to the
correct AHU on the 35th floor and subsequently to the fan motor compartment.

o Component Highlighting: The AR overlay emphasizes the specific components identified during

diagnosis (e.g., fan motor bearings or control system sensor), enabling the technician to focus on the
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precise area of concern.

e Tool and Safety Prompts: Contextual pop-ups remind the technician of the required tools, personal
protective equipment (PPE), and safety precautions before interacting with the equipment.

e Procedural Instructions: Step-by-step text or animated overlays illustrate how to carry out each
inspection or replacement task, ensuring alignment with manufacturer recommendations and
engineering specifications.

e Remote Expert Input: If needed, international stakeholders can connect live, annotate directly within
the AR environment, and provide immediate clarification or adjustments to the procedure.
The AR application guides the technician through the maintenance procedure with step-by-step visual
instructions. Safety overlays remind them to power down the unit and follow lockout/tagout
procedures, while tools required for each step, such as wrenches or multimeters, are highlighted in the
AR view. Animated overlays demonstrate safe disassembly, including removal of access panels,
disconnection of wiring, and unbolting of the fan motor, with each connection clearly marked, as
illustrated in Figure 13. The system prompts inspections such as checking bearing play or wiring
condition and allows the technician to record observations directly. For components requiring
replacement, visual instructions show removal and installation of the new part, including proper torque
and wiring

Figure 13 Defining Accurate Maintenance Location Using Unity
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guidance. Reassembly is guided in reverse order to ensure correct installation, and the AR application
concludes by prompting functional tests and recording results to verify that the issue has been
successfully resolved.
Real-time Feedback and Remote
Real-Time Feedback and Remote Assistance
During the on-site intervention, the AR application provides real-time feedback to the technician. If
unexpected issues arise or clarification is needed, the technician can initiate a live video call via the
AR device with the remote facility manager or international expert. The expert can view exactly what
the technician sees, provide annotations directly on the AR display, and offer verbal guidance,
effectively bridging geographical distances and enabling immediate problem-solving.

Benefits and Outcomes
This hypothetical case study highlights several advantages of integrating BIM and AR: enhanced
collaboration, as the BIM model acts as a shared visual platform for stakeholders across locations;
improved problem diagnosis, enabling remote experts to inspect the system virtually with detailed as-
built information; increased maintenance efficiency, as AR-guided step-by-step instructions reduce
errors and downtime; reduced travel costs, by minimizing the need for international site visits;
knowledge transfer and training, empowering less experienced technicians to perform complex tasks
under expert guidance; and improved data accuracy and accessibility, with maintenance records
continuously updated in the BIM model to maintain a comprehensive digital twin. Collectively, these
benefits illustrate the transformative potential of BIM-AR integration for addressing the complex
challenges of high-rise building maintenance in a globalized construction environment. The following

sections discuss these findings and present the overall conclusions of this research.
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Discussion

The integrated Building Information Modeling (BIM) and Augmented Reality (AR) framework
presented in this research represents a transformative approach to facility management and maintenance,
particularly for high-rise buildings within the context of international construction projects. The
hypothetical case study demonstrates the system’s capacity to address the critical challenges associated
with geographically dispersed stakeholders, diverse cultural and communication contexts, and the
operational complexity of modern high-rise structures.

One of the most significant contributions of this model is its facilitation of seamless remote collaboration.
By leveraging a comprehensive BIM model as a centralized information hub, facility managers can
engage in virtual sessions with international design and engineering teams. This shared environment
enables precise visualization and understanding of building systems and components, allowing
stakeholders to identify maintenance issues accurately and collaboratively develop solutions. The
availability of detailed as-built information—including equipment specifications, installation history,
and previous maintenance records—ensures decisions are based on accurate and up-to-date data,
minimizing errors that commonly arise from incomplete or outdated documentation.

The integration of AR enhances the practical implementation of maintenance tasks on-site. Through the
AR interface, complex procedures are transformed into intuitive, step-by-step visual guidance, overlaid
directly onto physical equipment. This capability not only improves operational accuracy and efficiency
but also functions as an effective training tool for less experienced technicians. Animated
demonstrations, virtual annotations, and real-time feedback bridge potential skill gaps, ensuring
consistent quality of maintenance interventions even when local teams are unfamiliar with specific
international systems or equipment.

From an operational perspective, the BIM-AR integration offers substantial advantages, including

reduced response times, minimized errors, and decreased dependency on international travel. Remote
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experts can diagnose problems virtually, provide guidance in real-time, and verify task completion,
significantly reducing downtime and operational costs. This is particularly beneficial in high-value
commercial and residential high-rise projects, where rapid maintenance responses directly impact
building performance, tenant satisfaction, and economic efficiency.

However, the implementation of this advanced system entails several considerations. Initial investment
costs for BIM software, AR devices, and custom application development can be significant.
Organizations must carefully evaluate these upfront expenditures against the long-term gains in
efficiency, error reduction, and operational resilience. Interoperability across software platforms,
including Revit, Navisworks, and Unity, requires adherence to industry standards and careful
management of data exchange protocols. The quality and completeness of the BIM model are critical;
deficiencies in the digital model will directly compromise the effectiveness of AR-guided maintenance
interventions. Additionally, successful adoption relies on human factors, including adequate training,
digital literacy, and acceptance of AR technology. Effective change management strategies and
comprehensive training programs are therefore essential to ensure that facility managers and on-site
technicians are proficient and confident in using the integrated system.

Scalability and adaptability are also important considerations. While the hypothetical case study
illustrates the system’s utility for a specific maintenance scenario, applying it across a diverse range of
building types, systems, and maintenance operations would require further customization. Continuous
updating of the BIM model to reflect changes in the physical asset is essential for maintaining an accurate
and effective digital twin.

Overall, the findings highlight the transformative potential of the integrated BIM-AR framework in
modern facility management. By bridging the gap between remote expert knowledge and on-site
execution, the model addresses the complexities inherent in international construction projects, enhances
operational efficiency, and provides a platform for ongoing knowledge transfer and workforce

development.
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Conclusion
This research successfully proposes an integrated BIM and AR framework designed to revolutionize
facility management and maintenance in high-rise buildings, particularly within the globalized
construction environment of the Kingdom of Saudi Arabia. By synergistically combining BIM’s data-
rich environment with AR’s immersive, interactive guidance, the system addresses critical challenges
related to stakeholder dispersion, communication barriers, and on-site operational complexity.
Key contributions of this research include:

e Comprehensive BIM Framework: Provides a centralized repository of as-built information, enabling
remote stakeholders to diagnose maintenance issues accurately and collaboratively.

e AR-Guided Maintenance System: Delivers step-by-step visual guidance to on-site technicians,
enhancing efficiency, reducing errors, and supporting knowledge transfer.

e Enhanced International Collaboration: Facilitates seamless communication and shared understanding
among globally dispersed design, engineering, and maintenance teams.

e Operational Efficiency and Cost Reduction: Minimizes downtime and reduces the need for international
travel, yielding economic benefits for building owners and operators.
The hypothetical case study illustrates the system’s practical application, highlighting improvements in
communication, maintenance efficiency, and knowledge transfer, as well as the potential to reduce
operational costs. While challenges related to initial investment, interoperability, human adoption, and
BIM model quality exist, the long-term benefits in operational effectiveness, asset management, and
workforce development are compelling.
Alignment with Saudi Vision 2030
The proposed system aligns with the objectives of Saudi Vision 2030 by advancing intelligent building

management, improving operational sustainability, and supporting the development of smart
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infrastructure and tourism. Through real-time monitoring, remote supervision, and AR-assisted
maintenance, the system enhances operational performance, optimizes resources, and contributes to the

Kingdom’s broader goals of economic sustainability and technological innovation.

Future Work
Future research should focus on validating the proposed BIM-AR model in live high-rise building
environments, quantifying benefits in terms of maintenance efficiency, error reduction, and cost savings.
Additional directions include:

e Al-Powered Predictive Maintenance: Leveraging historical data and machine learning algorithms to
improve failure prediction and proactively trigger AR-guided interventions.

o Integration with CMMS and BMS Platforms: Establishing seamless connectivity with Computerized
Maintenance Management Systems and Building Management Systems for full operational alignment.

o Digital Twin Implementation: Developing a real-time synchronized virtual model for advanced
simulation, analysis, and predictive decision-making.

o Hardware Usability Studies: Comparing the effectiveness of different AR devices (e.g., smart glasses vs.
tablets) across various maintenance tasks to optimize ergonomics and workflow.

o Lifecycle Expansion: Extending the BIM-AR framework to support other phases of the building
lifecycle, including construction quality control, safety management, and energy optimization.
This integrated BIM-AR model represents a significant advancement in modern facility management,
providing a robust and adaptable tool for navigating the challenges of globalized construction while

ensuring the sustainable operation of high-rise buildings.
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Abstract: Modern electrical grids face unprecedented challenges, from the increasing complexity of a decentralised
energy mix to escalating cyber and physical threats. Enhancing grid resilience and security is paramount to ensuring
reliable power delivery. This paper presents a novel framework that addresses these challenges by applying a secure
and intelligent approach to transformer monitoring, a foundational asset of the power grid. Leveraging a distributed
architecture with IoT, AI/ML, and a lightweight communication protocol, the proposed system provides real-time
data for predictive maintenance and operational optimization. By integrating robust cybersecurity measures, edge-
level processing for autonomous decision-making, and built-in data redundancy, this solution serves as a critical
enabler for a more resilient, secure, and reliable power grid.

1. Introduction

The reliability of a power grid is no longer a given. It is under constant pressure from aging infrastructure, climate-
related events, and sophisticated cyber-attacks. To navigate these challenges, the electrical grid must evolve from a
static, centralized system into a dynamic, intelligent, and highly resilient network. This transformation requires
adopting smart technologies that provide real-time visibility and control at every level, starting from critical assets
like transformers. This paper introduces a comprehensive framework for secure and intelligent transformer monitoring
that serves as a foundational component for enhancing grid resilience and security. Our approach moves beyond
traditional time-based maintenance to enable proactive, data-driven strategies that reduce downtime, prevent
catastrophic failures, and protect against malicious threats.

2. System Architecture and Data Acquisition

The proposed system is based on a distributed architecture that facilitates the collection of critical operational data
from transformers.
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2.1. Data Acquisition from Transformers Essential transformer parameters, including electrical measurements
(current, voltage), oil and winding temperatures, and on-load tap changer (OLTC) positions, are acquired using smart
IoT sensors. These sensors are directly connected to the transformer's instrument transformers (CTs, PTs) and
dedicated temperature probes (e.g., PT100). The IoT devices are designed with modular and expandable digital
input/output (DI/DO) channels to accommodate future expansions and control additional signals.
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Figure 1: [oT Sensors connected in Distributed topology

2.2. Intelligent Edge Processing

The IoT sensors are designed to leverage embedded algorithms to perform edge-level data processing. This distributed
intelligence is crucial for grid resilience by enabling rapid, autonomous responses. The implementation of these
capabilities at the device level is a key focus of our ongoing development efforts and is intended to include:

e Precise Time-Stamping: The IoT sensors feature clock synchronization over the Network Time Protocol
(NTP) facility. This ensures that all events and analog parameters are precisely time-stamped, which is
crucial for accurate event sequencing, root cause analysis of faults, and data correlation across the grid.

e Event Generation: The system will be designed to instantly generate an event or alarm by configuring lower
and higher limits for key parameters. For example, an event will be triggered if the current consumed exceeds
the rated capacity of the transformer, enabling an immediate and proactive response.

e Fault Pattern Recognition: The devices are being developed with the capability to self-learn and build
patterns associated with fault occurrences. This will enable the system to autonomously identify anomalous
conditions and make predictive decisions.

e Local Control and Isolation: This planned feature is a direct contributor to grid resilience. Based on
identified patterns, the device will be capable of executing pre-configured commands to isolate equipment
by operating a circuit breaker (CB) or a relay, thereby preventing cascading failures and ensuring personnel
and equipment safety, and containing the impact of a fault.
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e Calculated Parameters: A planned feature is the capability to compute critical parameters when direct
measurements are not feasible. For example, in the absence of a dedicated oil pocket for a PT100 sensor, the
system will be able to compute the oil temperature based on the transformer's surface temperature and its
static information (e.g., age of the transformer, rated voltage, and current). The winding temperature can then
be calculated with high accuracy from this computed oil temperature.

2.3. Data Redundancy and Offline Storage To ensure the integrity of operational data and provide robustness
against network interruptions, a key aspect of resilience, each IoT sensor is equipped with an external memory card
slot. With a 16 GB or 32 GB microSD card, the device can locally store all events and an analog parameter during
periods of communication failure with the central server. This allows the system to capture all critical data in real-
time, even in remote areas with intermittent connectivity. As soon as the communication link is re-established, the
device automatically transmits the stored data to the server, ensuring a complete and accurate historical record. This
local buffering capability can securely store up to one month's worth of data, preventing any data loss.
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Figure 2: Conceptual Diagram of Distributed Architecture
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3. Secure Communication and Distributed Architecture

The system employs a distributed architecture built on the MQTT (Message Queuing Telemetry Transport) protocol
to ensure secure, efficient, and scalable data communication, protecting the system from cyber threats.

3.1. Communication Model The architecture consists of the following components:

e MQTT Broker: A centralized server-side component that manages all data traffic

e MQTT Client: The IoT device at the transformer, which acts as a client, publishing data to the broker and
subscribing to control commands

e Web Client: A web-based application for operators to visualize data, view dashboards, single-line diagrams
(SLDs), alarms, download reports, and analyse graphical trends of various parameters

3.2. Secured Communication Cybersecurity is a paramount concern for protecting the grid from malicious attacks.
The communication is secured through a multi-layered approach:

e Strong User Authentication: The user ID and password used for client registration on the MQTT Broker
establish a robust first line of defence. This mechanism ensures that only trusted devices can connect to the
network and publish/subscribe to data topics, preventing unauthorized devices from injecting false data—
which could lead to erroneous operational decisions and compromise grid stability—or eavesdropping on
communication

e Certificate-Based Authentication: Public-private key pairs are used for cryptographic identity verification,
providing a robust authentication mechanism

e Transport Layer Security (TLS): All data transmission between the [oT devices and the server is encrypted
using TLS, ensuring data integrity and confidentiality during transit

3.3. Efficient Payload Format To optimize performance for resource-constrained loT devices and add a layer of
security, the system utilizes a compact hexadecimal payload format instead of more verbose text-based formats like
JSON. This choice provides several key advantages:

e Reduced Bandwidth Consumption: Hexadecimal format is more compact and efficient, which is crucial
for devices operating with limited bandwidth, such as those relying on cellular networks

e Lower Processing Overhead: Parsing a simple hexadecimal payload requires significantly less processing
power than a JSON string, extending the device's operational life and improving responsiveness

e Enhanced Obscurity: The data is not human-readable when intercepted, adding a layer of security by
making it difficult for an attacker to interpret the payload without the proper parsing logic.

3.4. Wireless Connectivity the IoT devices are equipped with integrated wireless modules (e.g., GSM or Wi-Fi),
eliminating the need for complex and costly cabling. This reduces installation time and effort, making deployment
quick and straightforward. The devices can leverage a common internet connection (e.g., from a 4G modem) per
substation.

4. Advantages and Benefits

The proposed distributed architecture offers significant advantages over traditional centralized systems (e.g., RTU-
based architectures), directly contributing to grid resilience and operational security.

4.1. Technical Advantages

e Low Latency: Direct communication between each device and the central server eliminates the need for
protocol conversion (e.g., from MODBUS to IEC 104 / IEC 61850), resulting in low latency and high
responsiveness.

e Enhanced Reliability: The point-to-point communication model ensures that a failure in one device does
not impact signal gathering from other devices, enhancing system reliability.

e Scalability and Flexibility: The architecture allows for easy and flexible scaling by simply adding new
10T devices. Over-the-Air (OTA) updates from the control center facilitate remote configuration and
firmware management.
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e Real-time Monitoring: The system provides real-time monitoring of analog parameters and records digital
events with precise timestamps.

4.2. Operational and Cost Benefits

e Reduced Costs: Significant cost savings are realized by eliminating expensive Remote Terminal Units
(RTUs) and dedicated control panels. Reduced cabling and wiring for DI/DO/AI connections also
contribute to a lower total project cost.

e Simplified Installation and Maintenance: Unlike traditional RTU-based systems that require specialized
personnel and time-consuming programming with languages like Function Block Diagram (FBD) or
Structured Text (ST), the IoT sensors are configured with minimal effort. At the software level, the use of
automated scripts and pre-configured templates for device topics and parameter addresses significantly
reduces commissioning time and complexity.

e Improved Efficiency: The ability to monitor transformers in real-time, coupled with AI/ML-driven
predictive and prescriptive analytics, enables condition-based maintenance. This not only extends the
transformer's life but also optimizes its performance and minimizes unscheduled downtime, thereby
improving asset and grid resilience.

e Enhanced Operator Control: The centralized display provides operators with a single, comprehensive
view of all electrical data, empowering them to take timely and informed actions, such as adjusting the tap
position based on real-time voltage ratings.

5. Future Work and Development

The current solution serves as a foundational platform for intelligent transformer management. Our ongoing
development efforts are focused on migrating advanced processing from the server to the edge to enhance system
autonomy and responsiveness. Future enhancements will include:

e Expanded Edge Computing: The capabilities for fault prediction, event generation, local control and
isolation, and parameter calculation, which are currently processed on the server, are being developed to run
directly on the IoT device. This will reduce latency and improve the system's ability to respond to critical
events.

e Advanced Software Analytics: We are actively developing AI/ML techniques to not only perform
predictive maintenance but also to forecast power demand. These advanced analytics will provide utilities
with valuable insights for optimizing grid operations and resource allocation.

6. Conclusion

The intelligent and distributed monitoring solution presented in this paper represents a significant advancement in
transformer asset management. By integrating IoT, secure communication protocols, and sophisticated AI/ML
techniques, the system provides a robust, scalable, and cost-effective alternative to traditional SCADA systems. This
approach not only enhances the reliability and safety of substations but also, more importantly, improves overall grid
resilience by preventing failures and provides a robust layer of cybersecurity at the field level. Our framework
marks a clear path toward a smarter, more reliable, and more secure electrical grid for the future.
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Research on the Construction and Implementation Path of a New TPM

Based Preventive Maintenance Model in Lights-out Factories

Baogiang Xu (Guangzhou University) Huaxin Yue (Huamou Consulting Company)

Abstract: With the acceleration of industrial intelligence, Lights-out (unmanned/less-manufacturing)
factories have become a key direction for manufacturing upgrading, posing significant challenges to the
traditional operator-centered Total Productive Maintenance (TPM) model. This paper aims to explore
how to effectively advance a new TPM-based preventive maintenance model in this new context. By
analyzing the characteristics of equipment operation and maintenance in unmanned environments, we
propose a dual-drive mechanism of "Sensors + Experts" to achieve efficient collaboration between
anomaly perception and human intervention. A forward-shifted maintenance model is established to
transition from reactive repair to proactive early warning and prevention. Resources are allocated
precisely based on equipment criticality (ABC classification). A three-phase implementation strategy is
further detailed: establishing a graded response system, building a human-machine collaboration
mechanism, and promoting workforce capability Fiif. Practical cases demonstrate that this model
significantly improves early warning response timeliness, reduces the proportion of emergency repairs,
and enhances Overall Equipment Effectiveness (OEE) and Mean Time Between Failures (MTBF). This
study provides a theoretical framework and practical pathway for achieving intelligent maintenance and

lean management in unmanned factories.

Keywords: Lights-out Factory; TPM; Preventive Maintenance; Predictive Maintenance; Human-Machine

Collaboration

1. Introduction
The wave of Industry 4.0, centered on loT, big data, and artificial intelligence, is profoundly
reshaping the manufacturing landscape. Unmanned Factories or "Lights-Out Factories," as an
advanced form of smart manufacturing, achieve "unmanned" or "less-manned" production
processes by extensively employing industrial robots, automated production lines, and
intelligent logistics systems. While this transformation enhances production efficiency,
consistency, and flexibility, it also brings disruptive challenges to traditional equipment
management and maintenance models. Total Productive Maintenance (TPM), a core
methodology in the lean production system for ensuring equipment effectiveness, traditionally
relies heavily on the "sensory perception” (inspection) and "total employee participation”
(maintenance) of on-site operators. In unmanned factories, operator positions are largely
replaced, undermining the foundation of traditional TPM. Therefore, constructing and
advancing a new TPM-based preventive maintenance model adapted to this new context has
become a critical issue for both academia and industry. This study aims to systematically
analyze this challenge and propose an operational theoretical framework and implementation

path.
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2. Current Situation and Challenges of Equipment Maintenance in Unmanned
Factories

In unmanned factories, the human role shifts from directly operating equipment to monitoring,
scheduling, and optimizing systems. This implies:

(1) Failure of the Equipment Problem Discovery Mechanism: In the traditional model, operators are
the first line of defense for detecting equipment abnormalities (unusual noises, smells, vibrations, etc.).
This line of defense virtually disappears in unmanned environments.

(2) Dramatically Increased Maintenance Pressure: The cost of unplanned equipment downtime is
extremely high. The traditional Breakdown Maintenance model leads to production interruptions and
significant economic losses.

(3) Extremely High Demand for Repair Response Speed: Once a failure occurs, maintenance personnel
must be able to quickly locate and resolve the issue, placing extremely high demands on personnel skills,
spare parts availability, and information support.

Clearly, the traditional human-centered preventive maintenance model is unsustainable and must

transition to a new model centered on "data" and efficient human-machine collaboration.

3. The Core Framework of the New TPM Preventive Maintenance Model

The core of the new model lies in "Data-Driven, Human-Machine Collaboration, and Forward-Shifted
Prevention." Its framework consists of three key elements:

3.1 Dual-Drive Mechanism of "Sensors + Experts"

This is the foundation of the new model. By widely deploying vibration, temperature, current, acoustic,
and vision sensors, a "digital sensory" system for equipment is constructed, collecting equipment status
data 7x24 hours uninterruptedly for automatic anomaly perception and degradation trend tracking.
Maintenance personnel are thus freed from tedious daily inspections, and their role transforms into
"equipment doctors," focusing on root cause analysis of system warnings and implementing rapid,
precise interventions. For example, the Bosch Suzhou factory equipped key equipment with "health
dashboards." A green light allows maintenance staff to study historical data for trend analysis; a yellow
light triggers them to rush to the site with a dedicated toolkit, achieving a shift from "passive
firefighting" to "active diagnosis and treatment."

3.2 Forward-Shifted Maintenance Model

This model shifts maintenance activities forward on the timeline. The traditional model is "Failure
Occurrence - Repair Response," while the new model is "Early Warning Signal - Pre-maintenance
Action - Failure Prevention." The goal is to eliminate potential failures in their infancy. Data shows that
in the new model, the proportion of time spent on emergency repairs and Time-Based Maintenance
(TBM) can drop from the traditional 65% to less than 20%, while the proportion spent on Predictive
Maintenance (PdM) and strategy optimization increases significantly from 25% to 80%. This A<Jii I
restructures the value distribution of maintenance personnel's working hours.

3.3 Principle of Precise Investment

Not all equipment requires the same level of monitoring and maintenance. Based on the Pareto
principle, the ABC classification method should be used to assess equipment criticality:

e Class A Equipment (Core, expensive, high failure impact): Deploy real-time online monitoring
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systems and assign expert analysts.

e Class B Equipment (Important): Adopt periodic precision inspections (e.g., weekly infrared
thermography, vibration analysis) combined with mobile inspection terminals.

e Class C Equipment (General, redundant): Use condition monitoring (e.g., current monitoring)
combined with an anomaly call mechanism, managed in the most cost-effective way.
This principle ensures that limited corporate resources are invested where they create the

most value.

4. Implementation Strategy of the New TPM Model: A "Three-Phase" Path
The implementation of the theoretical framework requires a clear path. We propose a "Three-Phase"
strategy:
4.1 Phase One: Building a Graded Response System
The massive alerts generated by sensors must first be managed hierarchically to avoid "alert fatigue."
Standards can be established as follows table 1:

Table 1: Building a Graded Response System

Alert Level Characteristics Response Requirement

Automatically recorded by the
Level | (Blue) Parameter fluctuation <5% system, analyzed in weekly expert

reports

Maintenance  personnel  must
Level Il (Yellow) Persistent abnormality >2 hours confirm and handle on-site within 4

hours

) System automatically or manually
Approaching safety or performance i ) )
Level Il (Red) triggers immediate  shutdown,
threshold o ]
priority handling

Case Application: After adopting this grading standard, BOE's Fuzhou 8.6 Generation Line achieved a

98.7% timely processing rate for Level Il warnings, effectively avoiding multiple unplanned downtimes.

4.2 Phase Two: Establishing a Human-Machine Collaboration Mechanism
After establishing the system, the efficiency of the "human" response must be optimized through "Three
Forward Shifts" to achieve human-machine collaboration:

e  Physical Shift: Set up "Equipment First Aid Stations" near production lines, storing common
spare parts, special tools, and protective equipment. For example, SANY's No. 18 workshop
deployed mobile maintenance vehicles, reducing the average response time to 11 minutes.

e Temporal Shift: Implement a "Golden Inspection System" during production preparation
periods (e.g., 7:00-9:00 AM) for preventive checks and maintenance on key equipment.

e Technological Shift: Develop mobile applications (e.g., WeChat Mini Programs/Apps)
containing "Micro-Defect Handling Guides," SOPs, and AR disassembly/assembly
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demonstration videos, enabling maintenance personnel to access knowledge support anytime,
anywhere.
Practice shows that after applying this collaboration mechanism, SAIC VOLKSWAGEN's Anting

Plant improved maintenance intervention efficiency by 40%.

4.3 Phase Three: Promoting Workforce Capability Rebuilding

Ultimately, the roles and capabilities of personnel must be transformed and upgraded. A New

Maintenance Personnel Competency Matrix needs to be constructed(shown as Table 2):

Table 2 A New Maintenance Personnel Competency Matrix

Competency Training Content Certification Method

Data Analysis

Minitab/SPC  trend analysis, Vibration | Submit diagnostic reports for

spectrum analysis blind review

5-minute handling method for typical failures,

Rapid Response Practical timed assessment

Standardized operations

Preventive FMEA (Failure Mode and Effects Analysis), | Submit improvement

Optimization RCM (Reliability-Centered Maintenance) proposals and defend them

Concurrently, implement an "Equipment Chief Physician" System, where each senior maintenance

personnel is deeply responsible for the "full lifecycle health" of 15-20 core equipment, much like a

doctor responsible for patients. They must issue monthly "Equipment Health Reports," including KPI

trends, failure analysis, and improvement suggestions.

Case Study: After implementing this capability rebuilding system, Contemporary Amperex Technology

Co. Limited (CATL) saw a 53% increase in Mean Time Between Failures (MTBF), with significantly

enhanced personnel sense of value and professionalism.

5. Implementation Effectiveness and Discussion
Implementing this new TPM model can deliver multi-dimensional results:

KPI Improvement: Significant increase in Mean Time Between Failures (MTBF), substantial
decrease in Mean Time To Repair (MTTR), and improvement in Overall Equipment Effectiveness
(OEE).

Cost Optimization: Reduction in losses from unplanned downtime, optimization of spare parts
inventory (as predictive maintenance allows for more accurate spare parts forecasting), and
more efficient allocation of maintenance human resources.

Management Upgrade: Maintenance activities shift from experience-driven to data-driven,
enabling more scientific decision-making; equipment lifecycle management becomes more
transparent.

However, challenges may arise during implementation: significant initial investment in sensors

and systems; crucial importance of industrial data collection, transmission, and storage
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security; the greatest challenge lies in changing personnel mindsets and reshaping
organizational culture, requiring unwavering promotion from management and continuous

training investment.

6. Conclusion and Outlook

This study systematically discusses the necessity, core framework, and implementation path for
advancing a new TPM-based preventive maintenance model in unmanned factories. The research
shows that by constructing a dual-drive mechanism of "Sensors + Experts," practicing the principles of
forward-shifted maintenance and precise investment, and following the three-phase strategy of
"Graded Response, Human-Machine Collaboration, and Capability Rebuilding," enterprises can
effectively address the maintenance challenges posed by unmanned operations. This enables a leap in
equipment management from "prevention" to "prediction," ultimately supporting the efficient and
stable operation of smart manufacturing systems.

In the future, with the maturation of Digital Twin technology, deep mapping between physical
equipment and virtual models will enable more accurate simulation predictions and closed-loop
optimization. Artificial Intelligence (Al) will also play a more central role in fault prediction and
maintenance decision recommendations, driving the new TPM towards a higher stage of "autonomous

maintenance."
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