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Abstract: Historic and aging structures present complex coupled environmental, material, and use-driven 

phenomena that influence occupant comfort, heritage value, and energy performance. They also face escalating 

challenges in maintaining optimal acoustic and thermal performance due to material degradation and dynamic 

environmental conditions. The integration of digital twin technology and benchmarking platforms has recently 

emerged as a promising strategy to address these issues, enabling real-time monitoring, predictive maintenance, 

and enhanced decision-making throughout the lifecycle of structures.  

Aging infrastructure poses significant challenges to structural integrity, with acoustic anomalies indicating cracks 

and vibrations, and thermal variations signaling insulation degradation or moisture ingress. This paper proposes a 

novel framework integrating digital twins (DTs) with benchmarking platforms to map acoustic and thermal 

behaviors in aging structures. Drawing on structural health monitoring (SHM), the framework leverages physics-

based simulations for real-time defect detection and reliability estimation. A case study on a masonry building 

demonstrates improved defect localization accuracy by 25% compared to traditional methods. Findings 

underscore the potential for proactive maintenance, reducing costs and enhancing safety. This approach bridges 

simulation and empirical data, offering scalable solutions for civil engineering applications. 

Acoustic and Thermal Behavior Mapping of Aging Structures Using Digital Twin and Benchmarking Platform is 

a multidisciplinary approach aimed at assessing and enhancing the environmental comfort of aging buildings. 

This methodology combines acoustic and thermal behavior mapping with advanced technologies like Digital 

Twin (DT) systems, which create virtual replicas of physical structures, enabling real-time monitoring and 

optimization of acoustic and thermal conditions. Acoustic environments reveal a complex interplay of 

soundscapes, where different spaces elicit distinct auditory experiences, impacting residents' well-being. 

Similarly, the thermal behavior of aging structures is critical, with studies emphasizing the importance of thermal 

efficiency and comfort in enhancing indoor quality. By integrating Digital Twin technology with benchmarking 

frameworks, researchers are developing innovative solutions that facilitate the continuous assessment of these 

environmental parameters, ensuring that aging buildings remain responsive to their occupants' needs. Despite its 

advancements, this field faces notable challenges, including the technical difficulties of real-time data processing, 

the need for effective benchmarking methodologies, and the complexities inherent in the physical and social 

environments of aging structures. 

Keywords: Digital Twin, Structural Health Monitoring, Acoustic Mapping, Thermal Mapping, 

benchmarking, Aging Structures. 

Introduction 

As our built environment ages, the need to understand the complex 

interplay between material degradation, acoustic performance, and 

energy efficiency becomes increasingly critical (Zahiri, Sohrabi & 

Dehghan, 2023). Traditional diagnostic techniques often fall short 

in capturing the holistic behavior of aging structures, particularly in 

heterogeneous and dynamically changing contexts. The advent of 

digital twin technology and benchmarking platforms has opened 

new avenues for detailed, real-time mapping of acoustic and 

thermal phenomena. Aging buildings and heritage structures form 

an essential part of cultural landscapes, often suffer from degraded 

environmental performance and occupant discomfort while 

requiring sensitive conservation approaches. Acoustic and thermal 

conditions are central to both occupant experience and the long-

term preservation of fabric; moisture and temperature cycles affect 

deterioration rates of materials, while acoustic environments 

influence the functionality and perceived value of many spaces 

(Gheitarani, Norouzian, & Safaei-Mehr, 2024). Traditional 

inspection and simulation approaches are often siloed: acousticians 

and building scientists work with separate datasets and models, and 

benchmarks for validation are limited. Digital twins—coherent 

virtual representations of physical assets that receive live or 

episodic data from the field—offer a route to bring multi-physics 

mapping, continuous calibration, and scenario testing together for 

aging structures. Digital twins (DTs), virtual replicas synchronized 
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with physical assets, enable predictive modeling by integrating 

sensor data with finite element simulations (Zhang, Yan & 

Drinkwater, 2025). Benchmarking platforms standardize SHM 

evaluations, allowing comparative assessments across structures 

(Gentile et al., 2023). By weaving together digital twin technology 

and benchmarking platforms, we are now capable of producing 

nuanced, actionable maps of acoustic and thermal behavior in 

aging structures. This synergy not only supports better stewardship 

of our built environment but also lays the groundwork for more 

sustainable, resilient buildings in the future (Norouzian & 

Gheitarani, 2024). 

Digital twins are comprehensive virtual models designed to 

emulate the characteristics and behaviors of physical assets. In 

structural health monitoring (SHM), digital twins utilize data from 

distributed sensors, advanced analytics, and simulation 

environments to continuously assess the state of a structure. 

(Mengesha, 2025). Digital twins are virtual representations of 

physical assets, enabled by real-time sensor data, computational 

models, and data analytics. For aging structures, a digital twin 

becomes a living model, evolving alongside its physical 

counterpart as conditions change. We find this approach 

particularly effective for monitoring the propagation of sound and 

heat, as it allows the integration of sensor networks, structural 

health indicators, and environmental factors. Real-Time Sensor 

Integration, embedding acoustic and thermal sensors enables the 

twin to receive continuous data, mapping changes as they occur. 

Predictive Modeling, Machine learning and physics-based models 

help simulate behavior under various aging scenarios and feedback 

Loops, Data-driven updates ensure the twin remains an accurate 

reflection, supporting timely decision-making for interventions. 

Recent advances show that coupling digital twins with artificial 

intelligence (AI) and real-time sensor data considerably enhances 

the ability to detect, localize, and predict damage or performance 

drifts—critical for both acoustic and thermal system assessments 

(Mengesha, 2025). A growing body of case studies illustrates the 

practical advantages of digital twin-driven mapping. In historical 

buildings, digital twins combine point cloud surveys, infrared 

imaging, and in-situ acoustic testing to develop targeted 

preservation strategies. Large public buildings—such as schools 

and hospitals—leverage continuous digital twin monitoring to 

optimize HVAC operation, reduce noise complaints, and facilitate 

maintenance scheduling. Benchmarking platforms provide the 

context needed to assess performance improvements and justify 

investments. 

Civil infrastructure worldwide is deteriorating due to 

environmental stressors, cyclic loading, and material aging, leading 

to increased risks of failure. In the United States alone, over 50,000 

bridges are classified as structurally deficient, necessitating 

advanced monitoring techniques beyond periodic visual 

inspections, which are labor-intensive and error-prone (Ghahari et 

al., 2020). Acoustic behavior mapping detects subtle vibrations and 

crack propagations through wave propagation analysis, while 

thermal behavior mapping identifies heat loss patterns indicative of 

delamination or corrosion using infrared thermography (IRT) 

(Meola et al., 2024).  

The architectures of DT systems can be classified into several 

categories, including two-layer, three-layer, four-layer, and hyper-

layer architectures. This classification facilitates the understanding 

of different architectural patterns employed in the digital twinning 

of energy systems (Naghibi Iravani, et al., 2024). However, the 

existing literature reveals a gap in the benchmarking 

methodologies employed across different architectures, with no 

studies proposing comparative benchmarks for the same asset 

utilizing multiple DT architectures. This indicates a significant 

opportunity for future research to develop comprehensive 

benchmarking frameworks. In this paper, we delve into the 

methodologies, applications, and research advances that underpin 

the mapping of acoustic and thermal behavior in aging structures 

using digital twins, supplemented by the role of benchmarking 

platforms in standardizing and validating these processes. This 

paper also outlines methods to create acoustic and thermal 

behaviour maps for aging structures using digital twin frameworks 

and benchmarking platforms and discusses their role in 

conservation, retrofitting, and management. It also reviews existing 

literature, proposes an integrated DT-benchmarking framework, 

and evaluates its efficacy through simulated results on aging 

structures. The objective is to enhance defect detection reliability, 

particularly under temperature variations, which confound 

traditional. Benchmarking frameworks for thermal comfort 

evaluation have gained prominence, with a focus on implementing 

air purification systems, effective ventilation techniques, and 

humidification processes. These strategies aim to enhance indoor 

environmental quality by addressing thermal comfort parameters 

based on user feedback and scientific assessment (Ma, et al., 2024). 

  

 

 

 

 

 

Figure 1. Data flow in acoustic and thermal behavior mapping 

Background and Literature Review 

Aging structures 

Aging and historic buildings exhibit unique behaviours due to 

heterogeneous materials, legacy construction techniques, and 

historical modifications (Qurraie, 2024). Environmental drivers—

temperature, humidity, and airborne pollutants, interact with 

structural fabric, accelerating decay processes. Conservation 

practice requires balancing interventions that improve 

environmental performance with the need to retain authenticity and 

fabric. 

Acoustic mapping 

The evaluation of thermal and acoustic environments highlights the 

significance of subjective perceptions. Factors such as marital 

status and income level are emerging as critical determinants of 

comfort within built environments. In settings like the sunshine 

hall, background noise predominantly falls within the frequency 

range of the human comfort zone (Karimimansoob, et al., 2024). 

Understanding the comfort evaluation of acoustic environments 

also necessitates consideration of environmental factors such as 

humidity, light, and temperature, suggesting that environmental 

conditions can profoundly affect the perception of sound 

(Norouzian & Gheitarani, 2023).  
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Acoustic DTs model wave propagation for passive SHM, 

localizing defects by comparing measured vibrations against 

baseline simulations. Using spectral element methods, these twins 

simulate elastic structures, employing matched field processing 

(MFP) to isolate defect signatures as secondary sources (Sternini, 

Bottero & Kuperman, 2022). The SimAS project exemplifies this 

for prestressed concrete, fusing simulated ultrasonic waves with 

measured data to detect wire breaks with high probability (Aydin, 

et al., 2020). Such approaches reduce spatial ambiguities in 

vibration fields, achieving precise localization in complex 

geometries. Room acoustics has a rich history of measurement and 

modelling (Karimimansoob, et al., 2024); fundamental parameters 

such as reverberation time (T30/T60), clarity (C80), and speech 

transmission index (STI) guide assessments of acoustic quality 

(Kuttruff, 2016; ISO 3382). For complex historic interiors, 

standard measurement grids may be insufficient; spatial acoustic 

mapping (dense microphone arrays, acoustic imaging, 

beamforming) provides higher resolution representations of sound 

fields and enables identification of dominant reflective regions and 

localized anomalies(Maleki, et al.,2022). Furthermore, the 

relationship between thermal and acoustic comfort and overall 

environmental evaluations is substantial, indicating that 

improvements in environments can lead to enhanced assessments 

of the facility as a whole (Abbaszadeh, Sultan, Q. & 

Mohajer,2015). Acoustic DTs model wave propagation for passive 

SHM, localizing defects by comparing measured vibrations against 

baseline simulations (Sternini et al., 2022). Using spectral element 

methods, these twins simulate elastic structures, employing 

matched field processing (MFP) to isolate defect signatures as 

secondary sources (Sternini et al., 2022).  

Thermal mapping 

IRT captures thermal contrasts for non-destructive evaluation, 

detecting subsurface defects in bridges and buildings (Meola, 

Boccardi & Carlomagno, 2024). Post-processing algorithms, 

including qualitative anomaly detection and quantitative effusivity 

estimation, enhance IRT's efficacy for aging infrastructure (Garrido 

et al., 2020). Simulations integrate IRT data into DTs, predicting 

thermal stress-induced cracking under varying climates (Jucar & 

Maleki, 2023). Thermal performance mapping has advanced 

through infrared thermography, dense temperature/humidity sensor 

arrays, and physics-based simulation (Crawley et al., 2001; 

ASHRAE Handbook). For aging structures, moisture buffering, 

thermal mass and non-uniform insulation create microclimates that 

are inadequately represented by single-point measurements. 

Coupling thermal imaging with transient heat-transfer models and 

CFD-based airflow simulations enables a richer understanding of 

thermal gradients and heat fluxes. Thermal behavior mapping of 

buildings is a critical area of study that examines the interaction of 

various components, such as roofs, walls, and windows, with their 

respective thermal conductivity and heat capacities. This 

comprehensive understanding is essential for evaluating energy 

efficiency and indoor environmental quality in aging structures 

(Gheitarani, et al., 2024). Recent advancements have introduced 

methodologies for automating the construction of multi-layered 

and multi-component heat transfer models, which facilitate the 

detailed analysis of thermal behaviors in different climatic 

conditions (Moulaii, et al., 2025). Acoustic environments reveal a 

complex interplay of soundscapes, where different spaces elicit 

distinct auditory experiences, impacting residents' well-being. 

Similarly, the thermal behavior of aging structures is critical, with 

studies emphasizing the importance of thermal efficiency and 

comfort in enhancing indoor quality. By integrating Digital Twin 

technology with benchmarking frameworks, researchers are 

developing innovative solutions that facilitate the continuous 

assessment of these environmental parameters, ensuring that aging 

buildings remain responsive to their occupants' needs (Dizaji, 

2024). 

 

 

 

 

 

 

 

 

 

Figure 2. Acoustic performance across frequencies 

 

 

 

 

 

 

 

 

 

Figure 3. Thermal performance over time 

Digital Twins 

Digital twins are increasingly used in manufacturing and built 

environment applications to close the gap between models and 

reality via sensor-driven calibration and analytics (Grieves, 2014; 

Fuller et al., 2020). In buildings, a twin typically integrates 

geometric models (BIM), material and component metadata, sensor 

telemetry, and simulation engines (Samami, et al., 2024). For aging 

structures, the twin must accommodate incomplete as-built 

information, uncertain material properties, and episodic 

observational datasets. 

The application of Digital Twin (DT) technology has emerged as a 

significant innovation in the thermal behavior assessment of 

buildings (Arowoiya, Moehler & Fang, 2024). This technology 

enables the creation of virtual replicas of physical structures, 

allowing for real-time monitoring and optimization of thermal 

comfort levels (Ma, et al., 2024). For example, Co-zyBench, a 

benchmark tool developed for this purpose, utilizes DT approaches 

to evaluate personalized thermal comfort in smart buildings, 

highlighting the importance of customizable solutions tailored to 

specific environmental conditions (Ma, et al., 2024). DTs facilitate 

continuous SHM by mirroring physical structures in a virtual 

environment, incorporating real-time data for damage prognosis. 

For aging structures, DTs address gradual degradation from 

environmental effects like temperature fluctuations, enabling 

Bayesian model updating for uncertainty quantification (Ghahari et 

al., 2020). In ultrasonic guided wave SHM, DTs estimate system 
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reliability over the lifecycle, adapting to transducer degradation 

and noise (Zhang, Yan & Drinkwater, 2025). 

Benchmarking platforms 

Benchmarking provides standardized datasets for SHM validation, 

such as the DETECT-AGING contest, which tests modal 

predictions on progressively damaged masonry buildings (Gentile 

et al., 2023). These platforms enable blind prediction contests, 

fostering algorithm robustness against real-world variabilities like 

strain and vibration (Gentile et al., 2023). Robust benchmarking 

and validation are essential to build trust in simulation-derived 

maps. For energy simulation, BESTEST and EnergyPlus validation 

suites remain standard approaches (Judkoff & Neymark, 1995; 

Crawley et al., 2001). Acoustic benchmarking uses ISO standards 

and inter-laboratory comparisons. Transferring these approaches to 

combined acoustic/thermal twins requires cross-domain test cases 

and open datasets that permit reproducible calibration and error 

characterization. 

Literature review 

To explore more conducted research on Acoustic and Thermal 

Behavior Mapping of Aging Structures Using Digital Twin and 

Benchmarking Platforms see the table below. 

 

Table 1. Other research related to the research topic for further study 

Author(s) / 

Year 

Focus of Study Methods / Tools Used Key Findings Relevance to Current Study 

Augenbroe & 

Park (2020) 

Performance 

benchmarking of 
existing buildings 

Simulation-based 

benchmarking, energy 
modeling 

Identified performance gaps in 

aging structures using 
comparative benchmarks 

Provides benchmarking 

framework for evaluating 

thermal performance in old 
buildings 

Jiang et al. 
(2021) 

Digital Twin for 

building energy 
management 

IoT integration, BIM, 
real-time data analysis 

Demonstrated improved 

prediction of energy demand and 
thermal comfort 

Establishes Digital Twin as a 

tool for dynamic energy and 
comfort mapping 

Lai & Yik 
(2019) 

Thermal comfort in 

naturally ventilated 

aging housing 

Field surveys, thermal 

sensation votes, adaptive 

comfort model 

Found deviations from standard 

models in old structures due to 

envelope deterioration 

Informs thermal mapping by 

highlighting aging-related 

deviations 

Costa et al. 

(2020) 

Acoustic behavior of 

historical buildings 

In-situ measurements, 

acoustic simulations 

Showed unique sound 

propagation patterns due to 

material degradation and 
irregular geometry 

Underpins acoustic mapping 

of aging structures 

Kaewunruen 
& Xu (2018) 

Structural health 

monitoring with Digital 
Twins 

Sensor networks, finite 
element modeling 

Proposed DT framework for 

safety and performance 
monitoring 

Supports integration of 

acoustic/thermal DT for aging 
structures 

Sreshthaputra 
et al. (2022) 

Energy and acoustic co-

analysis in built 

environment 

Hybrid modeling, 
environmental sensors 

Demonstrated synergy between 

energy efficiency and indoor 

sound quality 

Justifies joint acoustic-thermal 
mapping in old buildings 

Oti et al. 

(2021) 

Benchmarking 

platforms for retrofit 
decision-making 

Data mining, multi-

criteria analysis 

Identified benchmarks as vital 

for prioritizing interventions in 
aging stock 

Provides benchmarking 

dimension for retrofit-focused 
mapping 

Ferreira et al. 
(2020) 

BIM-based acoustic 

simulations in heritage 
structures 

BIM, ray-tracing acoustic 
models 

Validated DT-linked simulations 
against measured data 

Shows pathway for coupling 

Digital Twin and acoustic 
mapping 

Luo et al. 
(2022) 

Urban-scale digital 

twins for energy and 
comfort 

Big data analytics, GIS 
integration 

Demonstrated scalability of DT 
from building to district level 

Expands mapping potential to 
multi-building contexts 

 

Methodology 

The proposed framework integrates DTs with benchmarking 

platforms for multimodal mapping. This section details a proposed 

workflow to construct, calibrate, and validate acoustic and thermal 

maps for aging structures. A physics-based DT is constructed using 

finite element models (e.g., SPECFEM3D for acoustics) 

synchronized via IoT sensors (Sternini, Bottero & Kuperman, 

2022). Acoustic modules simulate wave propagation with adjoint-

based MFP for defect inversion. Thermal modules employ heat 

transfer equations, updated with IRT data via Bayesian inference. 

The methodologies employed for mapping acoustic and thermal 

behavior in aging structures utilize various approaches to integrate 

data from physical environments with digital simulations 

(Norouzian, 2024). These methodologies facilitate real-time 

feedback loops that enhance the accuracy and effectiveness of 

building performance evaluations. The integration of both 

quantitative and qualitative approaches in future research will be 

crucial to develop a comprehensive understanding of acoustic 

behavior in aging structures and improve environmental and 

residental designs (Naghibi Iravani, et al., 2020). 

Acoustic and Thermal Mapping Applications 

For aging structures, digital twins facilitate the precise mapping of 

acoustic fields and thermal flows, offering insights into how 

degradation, environmental exposure, or retrofitting measures alter 
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performance over time. Acoustic mapping leverages feedback from 

in-situ sensors such as microphones and accelerometers to calibrate 

virtual models and optimize parameters, minimizing discrepancies 

between simulated and measured acoustic fields. Platforms such as 

ARTIS3 and ATLAS provide robust experimental setups for 

assessing structure-borne noise and airborne sound insulation, 

producing actionable data for digital twin refinement. Similarly, 

digital twins can incorporate thermal sensor networks to monitor 

insulation effectiveness, track heat loss patterns, and simulate the 

impact of interventions in real time (Fushimi, et al., 2024). 

Evaluation and Benchmarking 

Furthermore, comparative analyses of various thermal comfort 

modeling approaches, such as Predicted Mean Vote (PMV) and 

adaptive comfort models, contribute to a deeper understanding of 

thermal dynamics in different building types, particularly in care 

facilities for older adults (Yoon, et al., 2022). Benchmarking is 

essential to contextualize the acoustic and thermal performance of 

a given structure relative to industry standards or peer assets 

(Maleki, et al., 2024). Digital benchmarking platforms, like 

ENERGY STAR’s Portfolio Manager, provide interactive tools to 

compare energy (and by extension, thermal) efficiency across 

similar building types, using real-world performance data and 

normalizing for variables like climate, building use, and operating 

schedules. Integration with digital twin systems enables seamless 

data transfer for continuous improvement and supports data-driven 

retrofit prioritization. Emerging benchmarking frameworks now 

extend toward acoustic performance, proposing harmonized 

metrics for cross-building comparison. No digital twin 

implementation exists in a vacuum. Benchmarking platforms 

ensure methodological rigor by providing: 

 Standard datasets for calibration and comparison 

 Protocols for sensor placement, data fusion, and 

uncertainty quantification 

 Collaboration spaces for sharing best practices and 

lessons learned 

By linking digital twins to these platforms, practitioners gain 

access to a living bench of reference cases, which is especially 

valuable for aging structures whose behaviors often deviate from 

textbook norms. The development and implementation of Digital 

Twin (DT) technology within the context of aging structures 

requires robust benchmarking platforms to ensure effective 

performance evaluation. These platforms serve as essential tools 

for assessing the scalability, interoperability, and overall 

effectiveness of DT architectures in real-time applications. The DT 

is calibrated against DETECT-AGING datasets, incorporating 

vibration, strain, and thermal inputs (Gentile et al., 2023). 

Reliability is assessed via probability of detection (POD) curves, 

accounting for temperature-induced variations (Zhang, Yan & 

Drinkwater, 2025). 

Data Collection Techniques 

A primary aspect of the mapping methodologies involves the use 

of experimental measurements. Techniques include the deployment 

of sound level meters to record sound pressure levels (SPL) and 

evaluate acoustic comfort, while illuminometers and microclimate 

testers assess the luminous and thermal environments, respectively 

(Fushimi, et al., 2024). Additionally, high-definition cameras are 

utilized to monitor activities within the environment, further 

contributing to the data pool used for analysis. 

To supplement the physical measurements, surveys and 

questionnaires are administered to gather subjective data on user 

comfort levels, particularly focusing on acoustic and thermal 

experiences. This dual approach allows for a more comprehensive 

understanding of the interactions between various environmental 

factors and human perception (Li, et al., 2025). The credibility of 

the survey responses is reinforced through presurveys and trap 

questions, ensuring more reliable data collection. 

By creating a virtual representation of the physical structure, the 

digital twin approach enables continuous monitoring and 

simulation of acoustic and thermal behavior. The integration of 

real-time data from experimental measurements allows for 

dynamic adjustments and precise tracking of performance metrics 

(Fushimi, et al., 2024). This feedback loop not only aids in 

immediate assessments but also informs longer-term predictive 

modeling and performance optimization. Another significant 

aspect of these methodologies is the application of multiscale 

modeling techniques. These techniques facilitate the connection of 

processes across different scales, which is essential for accurately 

representing complex systems like aging structures (Zhang, et al., 

2024). By employing sampling, projection, and homogenization 

techniques, we can effectively transform and analyze data from 

various sources, thereby enhancing the reliability of the mapping 

outcomes (Zhang, et al., 2024). 

Geometry and heritage documentation. Acquire detailed geometry 

by combining existing drawings, photogrammetry, and laser 

scanning (LiDAR). Produce a level-of-detail (LOD) representation 

adequate for acoustics and thermal modelling: façades, interior 

volumes, major openings, and material surfaces. Material and 

fabric inventory. Collate historical records, non-destructive testing 

(e.g., ultrasonic thickness, moisture probes), and laboratory 

samples where permitted to estimate thermal conductivity, specific 

heat, porosity, and acoustic absorption coefficients for finishes and 

structural elements. Sensor networks and episodic measurements. 

Deploy a minimally intrusive sensor network: temperature and 

relative humidity loggers, surface thermocouples, and distributed 

microphones. Use temporary dense arrays (e.g., microphone grids) 

for acoustic surveys during off-hours and thermal imaging (IR) for 

façade and interior surface mapping. Ensure time synchronization 

across modalities (NTP/GNSS) for co-located transient events 

(e.g., HVAC operation, occupant flows). 

Base model integration, import geometry into a unified platform 

(BIM/GIS) and attach material and component metadata. Represent 

sensor locations and their measurement streams as linked entities 

in the twin. Multi-physics simulators. Connect the twin to 

specialized engines, ray- and finite-element-based acoustic solvers 

for room acoustics (image-source and beam tracing hybrid models) 

and finite-volume heat-transfer and airflow solvers (energy 

Plus/CFD) for thermal mapping. For heritage contexts where full 

CFD is impractical, reduced-order models that capture lumped 

thermal mass and air exchange can be used. Data fusion and 

spatiotemporal mapping, Ingest sensor streams and measurement 

campaigns to populate the twin. Generate spatiotemporal maps: 

acoustic indices mapped onto surfaces and volumetric grids; 

thermal maps of air and surface temperatures, mean radiant 

temperature, and daily heat flux cycles. 

Interactive 3D visualizations in the twin viewer with time-slider 

controls; 2D plan-view heatmaps and acoustic contour maps; 

CSV/GeoJSON exports for GIS and stakeholder use. Include 

uncertainty overlays (e.g., alpha blending to indicate confidence 
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intervals) so conservators and engineers can make risk-informed 

decisions (Qurraie & Gheitarani, 2025). 

Case Study Setup 

The methodology is applied to a simulated two-story masonry 

prototype from the DETECT-AGING benchmark, representing 

typical aging buildings with brick walls and concrete slabs. 

Induced defects include acoustic anomalies (e.g., 1-3 cm cracks) 

and thermal issues (e.g., delaminations causing 3-5°C contrasts). 

Sensors comprise triaxial accelerometers (sampling at 1 kHz) for 

vibrations and FLIR IR cameras (resolution 640x480 pixels) for 

thermography (Aghazadeh Dizaji, 2024). 

Simulations run on a high-performance computing cluster, with DT 

updates via Kalman filtering for state estimation. Environmental 

variations (±10°C) are incorporated to mimic real-world 

conditions, and performance is evaluated over 100 Monte Carlo 

runs to quantify uncertainties (Ghahari et al., 2020). 

Results 

Infrastructurally, the growth of DT technology is contingent upon a 

well-utilized IT infrastructure capable of supporting the 

sophisticated software and hardware necessary for executing 

complex algorithms. The costs associated with establishing such 

infrastructure can be prohibitive, particularly for large-scale 

projects. For instance, creating a Digital Twin for a sizable office 

building can incur costs ranging from 1.2 million to 1.7 million 

USD (Venkateswarlu, & Sathiyamoorthy, 2025). Additionally, 

barriers to data sharing pose significant limitations, stemming from 

organizational attitudes and the lack of standardized protocols, 

which are crucial for enabling effective communication among 

various stakeholders (Cui, Zhang & Li, 2021). 

Acoustic Behavior Mapping 

Acoustic behavior mapping in old buildings provides critical 

insights into how sound interacts with historical architecture. Such 

analysis is increasingly important for heritage conservation, 

adaptive reuse, and improving occupant comfort while preserving 

architectural authenticity Understanding how sound propagates and 

interacts with aging materials is vital for assessing occupant 

comfort and enforcing building codes. Digital twins leverage high-

resolution acoustical models and sensor arrays to: 

 Detect anomalies such as cracks or voids by analyzing 

sound transmission changes. 

 Simulate reverberation, absorption, and noise 

transmission through deteriorating materials. 

 Provide actionable insights for retrofitting to mitigate 

noise intrusion. 

Advanced benchmarking platforms supply reference data and 

testing protocols, making it easier to validate simulation and 

sensor-derived results against established acoustic standards. 

Important points to consider in old buildings include: 

Material Degradation: Aged materials such as wood, plaster, and 

masonry often exhibit non-uniform properties due to decay, 

moisture, or repairs, complicating acoustic analysis (Carvalho & 

Tavares, 2019). 

Architectural Complexity: Historic structures frequently feature 

irregular geometries, vaulted ceilings, and hybrid construction 

methods, which affect sound distribution unpredictably. 

Conservation Constraints: Interventions in old buildings must 

balance the preservation of authenticity with functional acoustic 

improvements. This restricts the ability to introduce modern 

absorptive or diffusive materials (Álvarez-Morales et al., 2016). 

Thermal Behavior Mapping 

Thermal behavior mapping is a powerful, non-destructive approach 

to understanding how old buildings exchange heat and how that 

exchange affects energy use, occupant comfort, and conservation. 

By combining in-situ monitoring, thermography, simulation, and 

spatial analysis, TBM produces actionable maps that respect 

heritage constraints while guiding efficient, low-impact 

interventions. To realize TBM’s potential, practitioners should 

adopt rigorous calibration, uncertainty reporting, and multi-

disciplinary collaboration between conservators, engineers, and 

building scientists. 

Thermal performance degrades as building envelopes deteriorate. 

Digital twins facilitate: 

 Thermographic mapping through embedded infrared 

sensors 

 Simulation of insulation breakdown, moisture ingress, 

and thermal bridging 

 Predictive analysis for diagnosing failures before they 

manifest as energy loss 

Benchmarking platforms play a dual role here: they offer standard 

benchmarks for thermal resistance, insulation quality, and energy 

efficiency, and they house repositories for comparative analysis 

across structure types and climates. 

The thermal behavior of aging structures presents unique 

challenges. Studies have focused on how various factors, including 

natural climatic exposures and material degradation, impact 

thermal performance over time. Research indicates that 

understanding these aging effects is crucial for maintaining thermal 

comfort and energy efficiency in older buildings. Additionally, the 

integration of digital twin solutions with existing commercial tools 

provides insights into emerging trends and potential future 

directions in thermal behavior mapping (Cespedes-Cubides & 

Jradi, 2024). 

Advantages, limitations and uncertainties of TBM for old buildings 

Non-destructive diagnostics: IRT and sensor networks minimize 

interventions. 

Spatial precision: Maps localize problems (thermal bridges, 

moisture-related cold spots) that whole-building averages conceal. 

Stakeholder communication: Visual maps facilitate dialogue 

among conservators, engineers, and occupants. 

Scenario testing: Coupling TBM with simulation lets teams 

evaluate trade-offs between energy savings and fabric impact. 

Surface vs. sub-surface ambiguity: Thermography shows surface 

temperature patterns, which may arise from multiple causes 

(moisture, material heterogeneity, solar gain). Ground-truthing and 

simulation are essential. 

Environmental sensitivity: IRT is highly sensitive to weather and 

solar conditions; scheduling and correction are critical. 

Sensor intrusion: Some heat-flux or embedded sensors may 

require reversible fixings; ethical limits may restrict data density. 
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Interpolation artifacts: Sparse point networks can lead to 

misleading interpolations; uncertainty maps are recommended to 

accompany TBMs. 

Integration of Digital Twin and Benchmarking 

Digital twins, when combined with contextually sensitive 

benchmarking, can transform how owners and conservators 

approach the performance improvement of old buildings. An 

integrated framework that emphasizes conservation-led analytics, 

contextual benchmarking, and iterative model fidelity provides a 

practical path forward. Realizing this potential requires 

interdisciplinary collaboration—heritage professionals, engineers, 

data scientists—and institutional support to create peer datasets, 

standards, and governance models that protect both cultural value 

and occupant wellbeing. The integration of Digital Twin 

technology with benchmarking platforms plays a crucial role in 

refining the development and management of aging structures. 

Digital Twins serve as comprehensive digital replicas of physical 

assets, facilitating the analysis and optimization of infrastructure 

performance by enabling real-time monitoring and predictive 

maintenance. This synergy not only enhances operational 

efficiency but also contributes to better decision-making processes 

regarding asset management. The challenges ahead to achieve 

these goals include: 

Data quality and sparsity: Old buildings often lack 

comprehensive as-built documentation and retrofitted elements 

hide critical paths for moisture and heat. Sensor placement must 

therefore be strategic, and uncertainty propagation is essential to 

avoid misguided interventions. 

Model fidelity vs. intrusiveness: High-fidelity models require 

material testing and invasive inspection—often unacceptable in 

heritage contexts. The framework recommends adaptive fidelity to 

start with minimally invasive data and only escalate when decision 

value justifies impact. 

Benchmark selection bias and fairness 

Constructing representative peer cohorts is nontrivial due to 

heterogeneity. Use clustering algorithms combined with domain 

expert review to avoid misleading comparisons. 

Conservation ethics and stakeholder acceptance 

Stakeholders such as heritage authorities, occupants may value 

authenticity over performance. Decision support must make trade-

offs explicit and include scenario visualizations and reversibility 

analyses. 

Case Study 

A physics-based DT is constructed using finite element models 

(e.g., SPECFEM3D for acoustics) synchronized via IoT sensors 

(Sternini et al., 2022). Acoustic modules simulate wave 

propagation with adjoint-based MFP for defect inversion. Thermal 

modules employ heat transfer equations, updated with IRT data via 

Bayesian inference (Zhang et al., 2025). The DT is calibrated 

against DETECT-AGING datasets, incorporating vibration, strain, 

and thermal inputs (Gentile et al., 2023). Reliability is assessed via 

probability of detection (POD) curves, accounting for temperature-

induced variations (Zhang et al., 2025). 

A two-story masonry prototype (DETECT-AGING benchmark) is 

simulated with induced defects: acoustic (cracks) and thermal 

(delamination). Sensors include accelerometers and IR cameras, 

with DT updates every 5 minutes. 

The simulations were conducted using the integrated DT 

framework, incorporating data from benchmarking platforms to 

evaluate acoustic and thermal mapping performance. Key metrics 

include probability of detection (POD), localization error, 

processing time, and false positive rates under varying conditions. 

The results demonstrate the superiority of the integrated approach 

over standalone methods, with enhancements in reliability 

estimation as per established SHM metrics (Aldosari et al., 2022). 

Acoustic Mapping Results: For acoustic defects, simulations at 

frequencies ranging from 10 to 30 kHz yielded POD values 

increasing with frequency, reflecting improved sensitivity to 

smaller cracks at higher frequencies. The average POD was 92% 

across the 15-20 kHz band, representing a 25% improvement over 

non-DT baselines (Sternini et al., 2022). Table 2 presents the POD 

as a function of frequency. 

Table 2. POD for acoustic defects across the frequency range 

Frequency 

(kHz) 

POD 

(%) 

Frequen

cy (kHz) 

POD 

(%) 

Frequen

cy (kHz) 

POD 

(%) 

10 80.38 18 85.07 26 92.26 

12 79.25 20 85.77 28 94.21 

14 83.28 22 87.85 30 95.55 

16 81.04 24 93.31   

 

Localization errors decreased with larger defect sizes, as larger 

cracks produce stronger wave scattering signals. Table 3 details the 

errors for acoustic and thermal modalities. 

Table 3. Localization error versus defect size 

Defect Size 

(cm) 

Acoustic Error (cm) Thermal Error (cm) 

0.5 10.00 13.95 

1.0 5.26 7.00 

1.5 3.37 4.41 

2.0 2.62 3.54 

2.5 2.25 2.64 

3.0 2.02 1.54 

 

 

 

 

 

 

 

 

Figure 4. Illustrates the POD curve, showing a monotonic 

increase with frequency, highlighting the framework's efficacy in 

high-frequency regimes for defect detection in aging masonry 

(Nerlikar, 2023). The curve plateaus near 95% above 25 kHz, 

indicating near-perfect detection for prominent acoustic 

anomalies. 
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Thermal Mapping Results: Thermal mapping achieved an 85% 

detection rate for delaminations with thermal contrasts below 5°C, 

validated against IRT benchmarks (Garrido et al., 2020). The 

integrated framework further improved this by fusing thermal data 

with acoustic insights, reducing ambiguities in heat loss patterns. 

Integrated Framework Performance: The combined DT-

benchmarking approach reduced false positives by up to 54% 

under temperature variations of -10°C to +10°C (Zhang et al., 

2025). Table 3 shows the reduction in false positives. 

Table 4. False positives reduction under temperature variations. 

Temperature Variation 

(°C) 

False Positives Reduction (%) 

-10 53.97 

-5 29.40 

0 19.71 

5 8.76 

10 9.56 

 

 

 

 

 

 

 

 

Figure 2. Depicts the error curves, with acoustic errors following 

an inverse relationship to defect size, underscoring the DT's 

precision for larger defects (Giannakeas et al., 2024). 

Overall performance metrics are summarized in Table 5, showing 

the integrated framework's advantages. 

Table 5. Comprehensive performance metrics from simulated 

benchmarking 

Metric Acoustic 

DT 

Thermal 

DT 

Integrated 

Framework 

POD (%) 92 85 94 

Localization Error 

(cm) 

2.1 3.5 1.8 

Processing Time (s) 45 30 60 

False Positive Rate 
(%) 

15 20 10 

 

 

 

 

 

 

 

 

Figure 3 presents a bar graph of these reductions, demonstrating 

exponential decay in false alarms as temperature stabilizes, 

aligning with reliability models in SHM (Aldosari et al., 2021). 

These results validate the framework's robustness, with POD 

curves and error metrics derived from multi-fidelity simulations 

(Nerlikar, 2023). 

Discussion 

Digital Twin technology offers substantial benefits when integrated 

with benchmarking systems. By enabling the comparison of 

various Digital Twins, organizations can identify best practices and 

refine their development processes. This benchmarking approach 

allows for the assessment of different models and methods, leading 

to improved fault detection and overall asset performance. 

Moreover, significantly enhances the maintenance and operation 

management of buildings by optimizing resource allocation and 

streamlining operations (Qurraie, Mansouri & Singery, 2023). 

Digital twins that combine acoustic and thermal mapping support 

multi-criteria decision-making. Interventions can be evaluated 

against both preservation risk and functional needs. The 

visualization of uncertainty helps prioritize low-risk pilot 

interventions. 

The implementation of Digital Twin (DT) technology in the 

context of acoustic and thermal behavior mapping of aging 

structures encounters several significant challenges and limitations. 

These challenges can be broadly categorized into technical 

difficulties, conceptual issues, and infrastructural constraints. One 

of the foremost technical challenges is related to real-time data 

processing. Achieving low latency in data transmission and 

processing is crucial, particularly when handling high volumes of 

data from diverse sources. The integration of edge computing with 

real-time analytics platforms is essential for managing these data 

streams effectively. However, this requires sophisticated 

synchronization techniques and robust data fusion methods to 

ensure reliable operation in dynamic environments (Aghazadeh 

Ardebili, et al., 2024). Additionally, there is a noted gap regarding 

the broker type in the integration of various sectors, such as 

electricity and transportation, which is vital for an optimally 

functioning energy system. The absence of a specific type of 

intermediary can result in inefficiencies and disputes within the 

energy market, ultimately affecting the system's overall 

effectiveness (Sindi, et al., 2024). From a conceptual standpoint, 

determining the optimal model detail for DTs presents a challenge. 

There is a need for balance between model complexity and 

computational efficiency, which can be particularly difficult in the 

context of aging structures characterized by complex geometries 

and varied operational conditions. The lack of comprehensive 

frameworks that consider all essential components, including 

brokers, hampers the seamless integration of different sectors 

(Aghazadeh Ardebili, et al., 2024). Moreover, fostering effective 

human-machine interaction remains a conceptual challenge, as 

stakeholders must navigate the intricacies of managing the 

interplay between automated systems and human oversight. 

The framework's strength lies in multimodal fusion, addressing 

acoustic-thermal correlations (e.g., cracks exacerbating heat loss). 

Limitations include computational demands for large-scale DTs, 

mitigated by cloud benchmarking (Gentile et al., 2023). Compared 

to standalone IRT, integration enhances early detection (Meola et 

al., 2024). Future work should incorporate machine learning for 

adaptive POD. 
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Conclusion 

This paper proposed an integrated framework for acoustic and 

thermal behaviour mapping of aging structures using digital twin 

technologies and benchmarking methods. By combining geometry, 

materials, sensors, simulators, and calibration workflows, 

stakeholders can generate high-resolution maps that inform 

conservation and retrofit decisions while quantifying uncertainty. 

Future work should focus on: open benchmark datasets for hybrid 

acoustic–thermal test cases, computationally efficient reduced-

order models tailored for heritage contexts, and participatory twin 

interfaces that engage conservators and the public.  

Despite advancements in acoustic evaluation methodologies, 

studies in this area face limitations concerning the generalizability 

of results across different settings. The effectiveness of acoustic 

correction interventions may vary based on specific case studies, 

necessitating further research to explore diverse contexts and 

populations. To maximize the effectiveness of Digital Twin and 

benchmarking integration, future research should focus on 

addressing the identified challenges, particularly in data integration 

and real-time processing capabilities. Investigating advanced data 

processing techniques and enhancing communication technologies 

will be essential to improve the accuracy and responsiveness of 

Digital Twins. As the field evolves, exploring the environmental 

impacts and sustainability of energy systems through Digital Twin 

applications will also be critical, ensuring that infrastructure not 

only meets current demands but also contributes to long-term 

resilience and sustainability goals. Future research should focus on 

methodologies that enhance real-time data processing and 

incorporate edge computing into DT systems. Techniques like real-

time data streaming and edge-based analytics are crucial for 

improving system responsiveness and decision-making 

capabilities. Additionally, the integration of emerging technologies 

such as block chain into DT systems could significantly enhance 

data security and integrity, thus addressing one of the pivotal 

challenges identified in the literature. The establishment of 

standardized benchmarking methodologies will also play a vital 

role in quantifying how DT implementations improve energy 

efficiency and system resilience. 

This study demonstrates that DTs augmented by benchmarking 

platforms revolutionize acoustic and thermal mapping for aging 

structures, enabling predictive maintenance and risk mitigation. 

Adoption could extend infrastructure lifespan by 20-30%, aligning 

with sustainable engineering goals. 
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