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Abstract

The growing adoption of Digital Twin (DT) technology has opened new possibilities for redefining
asset valuation methodologies in the context of smart asset management. This research explores the
integration of DT frameworks into the valuation process, aiming to enhance financial decision-making
through real-time operational intelligence. A hybrid methodological approach was employed,
combining quantitative simulations, predictive modeling, and expert validation across three asset
classes—manufacturing equipment, building infrastructure, and energy grid systems. The proposed
DT-integrated valuation model incorporates live performance data such as degradation rates, energy
efficiency, and downtime probability into traditional discounted cash flow (DCF) frameworks.
Statistical analyses using regression and Monte Carlo simulations revealed significant improvements in
valuation accuracy, with Mean Absolute Percentage Error (MAPE) reductions ranging from 5-8
percentage points and R2 increases of up to 0.23. Forecast uncertainty decreased by approximately
40%, confirming the DT model’s superior predictive stability. Sensitivity assessments identified energy
efficiency, degradation rate, and downtime probability as dominant determinants of asset value. The
findings indicate that DT integration enables dynamic valuation updates, improved transparency, and a
more resilient response to operational variability. This research thus introduces a novel paradigm that
unifies engineering performance with financial valuation, providing actionable insights for industries
transitioning toward data-driven asset management under the Industry 4.0 framework. The study
concludes that DT-based valuation models can serve as strategic decision tools, fostering adaptive,
real-time, and evidence-based asset management systems that outperform conventional static valuation
methods.
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Introduction
The emergence of digital twin (DT) technology has transformed the landscape of asset
lifecycle management by enabling real-time synchronization between physical assets and
their virtual counterparts. Through continuous data acquisition and analytics, Digital Twins
(DTs) allow stakeholders to visualize, simulate, and optimize asset performance across
multiple phases of operation, maintenance, and decommissioning 1, 2. While this technology
has advanced significantly in sectors such as manufacturing, construction, and energy, its
integration into valuation processes remains limited [z, 4. Traditional valuation frameworks,
which rely on static financial indicators and historical data, often fail to capture dynamic
changes in asset health, performance, and operational risk made visible through DT-enabled
insights s, 6. This limitation has created a major problem in contemporary smart asset
management — the inability to reconcile real-time operational intelligence with financial
evaluation methods that determine asset worth. As organizations increasingly digitalize,
there is a pressing need for a holistic valuation paradigm that accounts for both tangible and
intangible aspects, such as predictive maintenance value, digital asset maturity, and
sustainability metrics [7.g.
The objective of this study is to establish a methodological framework for integrating DT-
driven insights into asset valuation, thereby enhancing decision accuracy and transparency in
financial appraisals. Specifically, it aims to (i) identify key parameters derived from Digital
CDO“;?P°“‘};“gA“th°f’ Twins (DTs) that influence asset value, (ii) design hybrid valuation models combining
D e traditional discounted cash flow (DCF) analysis with predictive data, and (iii) evaluate the
epartment of Engineering, A A ) N )
Université de Paris, Paris, model’s performance through case-based applications in smart infrastructure. The hypothesis
France guiding this research posits that incorporating DT-generated metrics—such as condition
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monitoring, degradation trends, and energy performance—
into valuation models can significantly reduce uncertainty
and improve predictive validity compared with conventional
valuation methods. Hence, the study envisions a new
paradigm of smart asset management where digital twins
serve not only as operational tools but also as strategic
enablers for dynamic, data-informed financial valuation.

Materials and Methods

Materials

The study employed a mixed-method research design
combining secondary data extraction, simulation modelling,
and expert-based validation to evaluate the integration of
digital twin (DT) frameworks within asset valuation
systems. The materials used for the study included open-
access datasets from smart infrastructure projects, industry
reports, and DT simulation environments. Data were
primarily obtained from digital twin-enabled building
management systems, energy assets, and industrial
machinery, each offering real-time operational parameters
such as energy efficiency, equipment degradation, and
lifecycle performance metrics [1.4).

To ensure accuracy and representativeness, the research
utilized three representative asset classes—manufacturing
equipment, building infrastructure, and energy grids—
selected for their high relevance in asset valuation practices
5, 6. DT platforms such as Siemens MindSphere, ANSYS
Twin Builder, and Autodesk Tandem were referenced for
understanding the interoperability of data streams and the
ability to feed predictive information into financial valuation
models 7, g. Additionally, historical valuation data,
maintenance cost records, and depreciation schedules were
collected from secondary financial databases and publicly
available asset registries. Data normalization and pre-
processing were carried out to align operational parameters
with financial indicators, enabling consistent comparison
across sectors o 107. Expert interviews with valuation
professionals and DT engineers further supplemented the
dataset, ensuring that both technological and economic
perspectives were captured in the integration process 11, 12.
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Methods

The methodological framework followed a four-phase
approach: (i) mapping DT-derived parameters influencing
asset performance, (ii) developing a hybrid valuation model
integrating financial and operational data, (iii) simulating
predictive valuation scenarios using system-dynamics
modelling, and (iv) validating the framework through expert
consensus and statistical evaluation. The hybrid valuation
model merged traditional Discounted Cash Flow (DCF)
analysis with real-time condition-based data, enabling the
dynamic recalibration of value according to asset health and
utilization rates ps.15. Statistical tests including regression
analysis and Monte Carlo simulation were performed to
quantify uncertainty reduction and the predictive accuracy
improvement resulting from DT integration. Sensitivity
analyses were also conducted to identify the relative
weightage of parameters such as downtime probability,
maintenance frequency, and energy efficiency in the revised
valuation model p1g).

A validation stage involved triangulation between simulated
valuation outcomes and expert appraisals, ensuring
robustness of the model across different asset categories.
Ethical considerations related to proprietary data usage and
simulation  reproducibility were addressed through
anonymization protocols and transparent documentation.
The resulting methodological synthesis demonstrated how
digital twins can transition from operational management
tools to integral components of financial valuation
ecosystems, enhancing transparency, precision, and
adaptability in smart asset management.

Results

Overview

This section reports empirical results comparing traditional
valuation against the DT-integrated valuation framework
across three asset classes—manufacturing equipment,
building infrastructure, and energy grid assets. We evaluate
(i) accuracy improvements, (ii) uncertainty reduction via
Monte Carlo analysis, and (iii) factor sensitivity—
triangulated with expert validation. Methods and constructs
follow prior DT and asset-valuation literature [1.1¢].

Table 1: Sample characteristics and data coverage

Asset class Assets (n)| Observation period (months) | Sensors/streams integrated (median) | Data completeness (%)
Manufacturing Equipment 48 24 12 96.2
Building Infrastructure 36 24 18 94.7
Energy Grid Asset 24 24 20 95.5

Table 2: Valuation accuracy before vs after DT integration

Asset class MAPE baseline (%)|MAPE DT-integrated (%) AMAPE (pp)|R? baseline|R2 DT-integrated|p (MAPE)p (R?)

Manufacturing Equipment 12.3 7.1 -5.2 0.62 0.81 0.002 ]0.004

Building Infrastructure 154 9.2 —6.2 0.58 0.78 0.001 ]0.006

Energy Grid Asset 18.1 10.3 7.8 0.55 0.76 0.003 ]0.008

Interpretation: DT-informed models reduce absolute
forecasting error by 5.2-7.8 percentage points and raise
explanatory power by 0.19-0.23 R2. Improvements reflect
incorporation of condition monitoring, degradation, and

energy performance signals that traditional models omit 1.3,
12-15]. Paired tests suggest gains are statistically significant (p
<0.01).

Table 3: Uncertainty analysis (Monte Carlo; 95% prediction-interval width)

Asset class 95% PI width baseline (%) 95% PI width DT-integrated (%) Uncertainty reduction (%)
Manufacturing Equipment 225 14.1 37.3
Building Infrastructure 28.7 17.6 38.7
Energy Grid Asset 31.9 18.4 42.3
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Interpretation: Incorporating DT streams tightens reporting DT benefits for risk visibility and proactive
predictive distributions by ~40%, consistent with literature maintenance planning p1, s, 6, 12].

Table 4: Sensitivity of DT-informed valuation (standardized importance, f*)

Factor Standardized importance (§*)
Energy efficiency index 0.32
Downtime probability 0.27
Degradation rate 0.22
O&M cost rate 0.12
Utilization factor 0.07
Interpretation: Energy intensity and reliability shape cash- dominate lifecycle value (7.9 1113. Lower but non-trivial
flow projections most strongly, aligning with DT-BIM and contributions arise from O&M and utilization patterns.
CPS findings that operational performance parameters
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Fig 2: Reduction in forecast uncertainty from DT integration
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Fig 3: Sensitivity of DT-informed valuation to key factors
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Fig 4: Calibration: predicted vs realized (Building Infrastructure)

Accuracy and robustness: Across all asset classes, DT-
integrated valuation outperforms baseline methods on both
bias (MAPE) and fit (R?), with statistically significant gains
(Table 2). This corroborates prior reports that fusing live
condition data and physics-based/Al surrogates improves
decision quality in complex assets [1-6, 12-15]-

Risk and uncertainty. Monte Carlo experiments reveal
material shrinkage of predictive intervals (Table 3; Figure
2), indicating better quantification of state-dependent risks
(e.g., incipient failures, energy volatility). This aligns with
systems-engineering and CPS literature emphasizing the
role of Digital Twins (DTSs) in uncertainty management over
the lifecycle [4-6, 11, 12]-

Drivers of value: Sensitivity analysis highlights energy
performance, downtime risk, and degradation as the
principal levers of DT-informed value (Table 4; Figure 3),
consistent with DT-BIM and infrastructure studies that link
operational KPIs to lifecycle economics (7.1, 13-15).

External validity: Visual calibration (Figure 4) shows
closer adherence to parity under DT integration, particularly
for building assets where occupancy-linked loads and
HVAC efficiencies are captured via semantic DT layers 7o,
13]-

Collectively, results support the hypothesized benefits of
embedding DT analytics in valuation: higher accuracy,
lower uncertainty, and clearer factor pathways from
operations to value. These outcomes are in line with recent
empirical and conceptual studies advocating DT-enabled
financial decision-making for smart assets [1-16].

Discussion

The findings from this research demonstrate a clear and
quantifiable advantage of integrating Digital Twin (DT)
technology within the asset valuation process, offering a
dynamic and data-enriched perspective that traditional
valuation frameworks lack. Across all asset classes
studied—manufacturing equipment, building infrastructure,
and energy grids—the incorporation of DT data streams
resulted in significant improvements in accuracy, model
robustness, and predictive reliability. This is consistent with
earlier reports emphasizing that Digital Twins (DTs)
provide real-time situational awareness and enhance
decision-making efficiency through continuous
synchronization between virtual and physical systems [1.4.
The results confirm that the static nature of conventional
valuation models underrepresents the operational dynamics
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of assets, leading to valuation discrepancies that can now be
mitigated through DT-driven modeling [s, 6.

The marked reduction in Mean Absolute Percentage Error
(MAPE) and increase in R2 values observed across all cases
underline the potential of DT-enhanced financial analytics
in capturing asset behavior with higher precision. Such
improvements substantiate the hypothesis that integrating
predictive operational data—such as degradation patterns,
energy efficiency, and downtime probability—»bridges the
gap between engineering analytics and financial evaluation
7-g)- This aligns with the studies of Sacks et al. and Boje et
al., who noted that Digital Twins (DTs) extend beyond
visualization to actionable intelligence, effectively enabling
value prediction under uncertainty pi, 113. Similarly, the
Monte Carlo simulations indicated a consistent reduction of
nearly 40% in forecast uncertainty, validating the premise
that DT integration refines probabilistic valuation outputs by
embedding real-time performance variability into financial
models 12, 131. These results corroborate earlier work by
Grieves and Vickers 5, who proposed that digital
replication of asset behavior mitigates emergent
unpredictability in complex systems.

Furthermore, the sensitivity analysis highlighted energy
efficiency and downtime probability as the most influential
determinants of value, confirming that operational resilience
and sustainability performance directly shape financial
worth in a digitized asset ecosystem. This finding supports
the insights of Denzer and Jager (141 and Gholami et al. p15),
who observed that sustainable asset valuation increasingly
depends on integrating technical efficiency indicators with
financial metrics. The improved calibration between
predicted and realized values (Figure 4) also reinforces the
view advanced by Watson and O’Neill g, that DT-
informed valuation enhances investor confidence through
transparency and traceability.

From a managerial perspective, these results imply that
organizations adopting DT-enabled valuation frameworks
can make more agile investment and divestment decisions,
especially in sectors exposed to high operational volatility.
The dynamic valuation approach promotes continuous
reappraisal rather than static point-in-time assessments,
thereby enabling proactive responses to asset performance
deviations. Importantly, while DT deployment demands
substantial upfront data infrastructure, the long-term gains
in valuation accuracy, uncertainty management, and
lifecycle cost optimization justify the investment [s o, 12].
Overall, this study confirms that the convergence of digital
twin analytics and asset valuation represents a paradigm
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shift toward smart, adaptive, and transparent asset
management. It extends prior research in cyber-physical
systems and information management p1, 11, 131 by providing
quantitative evidence of financial benefits derived from
operational intelligence. Future research may focus on
developing standardized valuation protocols and expanding
case applications across asset classes, strengthening the
theoretical and practical foundations of DT-driven valuation
in the era of Industry 4.0.
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